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CURRENT TRENDS IN MOSCOW
SETTLEMENT PATTERN DEVELOPMENT:
A MULTISCALE APPROACH

ABSTRACT. The article studies current trends in Moscow population in context of socio-
economic polarization strengthening between the capital city and other regions of the
country. The study applies multiscale approach covering Moscow influence on Central
Russia and other regions, interaction with the Moscow oblast and the level of internal
population distribution within Moscow and particular settlements and villages in New
Moscow territories. The gap in development is significantly noticeable for expanding
Moscow and Moscow oblast against the background of depopulation in Central Russia
regions and cities. Within the boundaries of Moscow the continuing model of extensive
spatial growth of population has led to the most rapid growth of its periphery zone. Areas
similar to bedroom communities in Old Moscow are forming in the municipalities of New
Moscow located along the Moscow ring road (MKAD) and main radial highways, while
large part of the new territories remain a typical countryside with villages and summer
residents. Analysis of New Moscow suburban areas reveals the actual land use mosaics
obscured by the official delimitation of Moscow and Moscow oblast and the formal
division of population into urban and rural.
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INTRODUCTION

Contrasts between major cities and the
rest of the territory are a typical feature of
Russia. No wonder the words of the poet
Afanasy Fet, written 150 years ago, have
not lost their relevance: "People in the
capitals, who are accustomed to huge,
incessant capital flows, have no desire
to understand how the whole immense
terrain, without distinction of classes, for
months lives without a penny" (Fet 1871).1n

the late Soviet times, there were attempts
to smoothen these contrasts by locating
industrial enterprises in small towns and
improving wages and living conditions in
small settlements. However, this was only
partly successful in suburbs and in the
South, and after the market returned at the
turn of the millennium, the contrast of the
Russian space increased.

Russia, like other countries with a late
start of urbanization, experienced the



Pavel L. Kirillov et al.

CURRENT TRENDS IN MOSCOW ...

urban revolution in the twentieth century,
turning from a rural and agrarian country
into urban and industrial. From 1913 to
2000, the urban population increased
almost sevenfold, and the proportion of
city dwellers reached 70%. And although
in the early 1990s, due to political
transformations and the economic crisis,
the urban population ceased to grow,
in the late 1990s Russia returned to the
stage of active urbanization (Nefedova
and Treivish 2019). Under the influence of
agglomeration effects, the concentration
of population and economy in the largest
centers leads to increased socio-economic
polarization not only between cities
and rural areas but also between cities,
which manifests itself at various levels in
strengthening gradients between cities
of different sizes in terms of income,
investment in fixed capital, housing
development, retail trade turnover, and
average life standards.

While a significant number of country's
regions and especially regions of Central
Russia are characterized by depopulation,
Moscow shows a continuous growth
(amounted to 965.5 thousand people
which only for the period from 2010 to
2018). At the same time, during the last
two intercensal periods, current statistics
reveal a decline or stabilization of Moscow
population, while the censuses show a
sharp increase, which is mainly due to
undercounting of migrations by current
population registration.

MATERIALS AND METHODS

The purpose of this study is to identify
main trends in the population of Moscow
and its zone of influence in the twenty-
first century, including those of the latest
administrative changes of 2012, when the
city area was increased almost 2.5 times.
This requires research at several levels:
from studying the regions of the country
and Central Russia and the influence of
Moscow on them, through the interaction
of Moscow with Moscow oblast to
the analysis of the internal structure of
population distribution in Moscow, and
down to individual settlements and

villages in the new territories of Moscow.
This investigation is based on the use of
official statistics on for subjects of the
Russian Federation, cities, municipalities,
settlements, as well as cartographic
information, data from mobile network
operators, and field studies.

Moscow has been studied from various
angles in the works of multiple scholars. It
was considered as an emerging global city
(Kolossov et al. 2002), other studies focused
onthedevelopmentofitsbudgetandsocial
sphere (Zubarevich 2018), ethnic migration
(Vendina 2005; Todd 2018), the impact of
migration on housing market (Kashnitsky
and Gunko 2016), the transformation
of Moscow from the main city into the
mega-region (Argenbright 2013), urban
planning, place-based protest, and civil
society (Argenbright 2016), features of its
development policy (Budenbender and
Zupan 2017), and others. Several papers
considered problems of its development
in Moscow agglomeration and the Central
Russia context (Kurichev and Kuricheva
2018; Kuricheva 2017; Makhrova et al. 2017;
Brade et al. 2014; Makhrova et al. 2016).

The expansion of the city's territory and
the emergence of New Moscow in 2012
caused a surge of interest in Moscow and a
rise of works both in Russia and abroad (Cox
2012; How to Build.. 2015; Argenbright
2018; Kolosov 2013; Makhrova et al. 2013;
Shuper and Em 2013). At the same time,
an array of works has been developed that
analyzed general patterns of development
of post-Soviet cities and growth of spatial
heterogeneity as one of the main features
of their development (Golubchikov et al.
2014; Golubchikov 2016; Ferencuhova and
Gentele 2016). The novelty of this study lies
in the fact that it carries out a multiscale
analysis of Moscow's development using
the population dynamics, an available
indicator of socio-economic polarization
and space compression processes, in the
scale of regions and cities of the whole
country (macro level), in one of its most
developed parts, Central Russia (meso
level), and within the boundaries of the
Moscow metropolitan region and within
Moscow itself (micro level).
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RESULTS AND DISCUSSION

1. Moscow Compared to the Country
and Its Regions

In the 2000s, against the background of
the depopulation of a significant part of
regions, Moscow shows a continuous
growth of its demographic potential
associated with the significant advancing
of social and economic development
of the city compared to the rest of
the territories, which led to a sharp
increase in its attractiveness and rapid
population growth. While the population
of about 70% of Russia's cities decreased,
Moscow continued to grow at a high
rate, as a result its share in the country's
population  increased even  more,
emphasizing the global trend of greater
spatial development heterogeneity. The
proportion of the capital in the Russian
population in 2018 reached 8.5%, which
together with Moscow oblast made 13.6%,
while the proportion of St. Petersburg was
3.6% with a stable share of Leningrad
oblast (Table 1).

Inthe 2010s, the population growth ratesin
Moscow slowed down, especially towards
the end of the period under review, when
the capital began to give way not only to
some of the North Caucasus republics but
also to several other territories attractive to
migrations (Tyumen and Moscow oblasts,

St. Petersburg, Khanty-Mansi Autonomous
okrug, and Krasnodar krai), by 2018 falling
outside the top twenty regions with the
fastest growing population. The main
contribution to the increasing population
of the city is made by migration, although
its rate is falling. In general, the 2002-2017
period was characterized by a natural
decrease in population, although in
recent years the natural growth coefficient
increased, reaching 1.1 per 1000 people in
2017. Nevertheless, the capital continues
to lag behind both the national republics
with an  incomplete  demographic
transition and the regions with a younger
population age structure (Tyumen oblast
and its oil and gas okrugs) (Fig. 1).

2. Moscow in Central Russia

As a capital, Moscow occupies a unique
position, mustering resources of the whole
country and producing economic, social,
and political innovations, which initially
spread to neighboring areas (Zubarevich
2018). Moscow oblast, thanks to its
advantageous position near the capital,
and Moscow itself make up the territory
of maximum population growth within
Central Russia (within the borders of the
Central Federal District). In fact, apart from
these two regions, which form the Moscow
Capital Region, population growth in 2002-
2018 in the district was only due to relatively
prosperous Belgorod oblast. The absolute

Table 1. Population dynamics of Moscow and Moscow oblast

Population (thousand Share in the total

Territory people) population of Russia, %
2000 2010 2018 2000 2010 2018

Moscow 8537 11541 12507 59 8.1 8.5

Moscow oblast 6464 7106 7503 44 50 5.1
Moscow and Moscow oblast | 15001 | 18647 | 20010 10.3 13.1 13.6
St. Petersburg 4661 4899 5352 32 34 36
Leningrad oblast 1687 1719 1814 1.1 1.2 1.2

St Petersb U;%fa';f Leningrad | gee0 | 6618 | 7166 | 43 46 48

Source: Rosstat data.
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city of Moscow
Moscow oblast
Belgorog oblast
Voronezh oblast

Kostroma oblast

Orlov obl

Tver obl

Comy Repabl
Krasodar krai
Volgograd oblast
Repablic of Kalmykia
Repablic of Chechnya

Fig. 1. Population dynamics by regions of

amount of migration inflow to the Moscow
Capital Region allowed the district as a whole
to compensate not only for natural but also
migration loss in several other regions

The comparison to  socio-economic
indicators between Central Russia regions
reveals that along the leadership of
Moscow in many respects, the gap between
Moscow and the Moscow oblast in 2000-
2018 decreased, and the gap between the
Moscow oblast and its neighboring regions
did not change (Table 2). At the same time,
the standard of living of the population in

m Average annual natural growth, 2002-2017
m Average annual migration growth, 2002-2017

* Average annual growth, 2002-2017

obl

Orenburg oblast
Omsk obl
Kemerovo obl,

Udmurt Repal
Chuvash Repal
Repablic of Mordovia

Repablic of Crimea

Nizhny Novgorod oblast

Chukotka Autonomou:

nal-Nenetsk Autonomous okrug
Repablic of

the Russian Federation in 2002-2018.

the regions surrounding Moscow and the
Moscow oblast remains below the average
level.

The spatial polarization observed within
Central Russia, where the higher distance
from Moscow implies lower employment,
wages, and retail turnover per capita, all of
which increase only in the metropolitan
agglomerations of neighboring regions,
is well reflected in the migration growth
rate. The highest population flow was
expectedly characteristic of the Moscow
region centers (15.3 per 1000 people). In the

Table 2. Comparison of socio-economic indicators for Moscow, Moscow oblast, and
adjacent regions, and the Russian Federation 2001 to 2017.
(Moscow oblast = 1)

. Gross regional Retail turnover per
Personal income . .
product per capita capita
2001 | 2010 | 2017 | 2001 | 2010 | 2017 | 2001 | 2010 | 2017
Moscow oblast 1 1 1 1 1 1 1 1 1
Moscow 45 2.0 1.5 52 3.0 24 55 1.7 14
Regions adjacentto || oo | 06 | 09 | 06 | 06 | 06 | 06 | 06
Moscow oblast
Russian Federation 12| 08 08| 14| 10] 10| 11|08/ 07
average

Source: compiled according Rosstat data
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agglomerations of the territories adjacent
to the Moscow region, this rate decreased
almost three-fold (4.5 per 1000 people), and
the urban settlements located outside the
agglomerations and distant from the capital
and the centers of neighboring regions,
were already losing population (1.9 per
1000 people).

Labor migrations are much more widely
practiced: commuting and ‘otkhod” for
work in Moscow and Moscow oblast from
other regions for on weekly or monthly
basis. Many residents of the Moscow oblast
work in Moscow, and labor migrants from
adjacent regions replace them. With the
desire to work in Moscow or closer to capital
along with housing prices beyond reach,
the population often retains the official
registration in their region. The return
mobility of population with labor, social and
recreational (including dachas) purposes has
become the important factor that greatly
affects on real population in Moscow and
on the surrounding area, including the
countryside (Between Home... 2016).

In the framework of Central Russia, typical
Russian dachas ("second housing") model of
70

60

50

population density, people/sq km

40

30

20

10

20 60 100 140 180 220

urban dwellers in countryside is most clearly
implemented, embodying the tradition of
combining the advantages of urban and
rural lifestyle. There many types of dachas:
old dachas of the beginning-the middle of
the XX century, and garden associations,
and the houses bought or inherited by
urban dwellers in villages, and the new
cottages interspersed in areas of garden and
country building or organized in separate
settlements  (Between Home... 2016).
Old dachas are located closer to Moscow.
Gardening  associations  with  cheaper
housing are concentrated in more remote
areas of Moscow oblast and in adjacent
regions at the distance of 200-250 km
from Moscow. In these regions Muscovites
buy rural houses and use them seasonally
as dachas. Despite the active growth of
cottage settlements around Moscow,
mostly common are traditional country
and garden villages. Seasonal migration
favorably still, determines the specification
of suburbanization in the megalopolis. In
the Moscow region and adjacent municipal
districts of Yaroslavl’ oblast the urban
population of the country in summer season
exceeds the number of rural residents (Fig.
2).

—density of urban residents in dachas

—density of rural population

300 340 380 420 460 500 540 580

distance from Moscow, km
Fig. 2. The change in the density of rural population and urban gardeners in different
distance from Moscow (MKAD), North East sector (Yaroslavl, Ivanovo, Kostroma
regions), people/sq.km
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3. Moscow and Moscow Oblast

The very first question is about the real
population size of Moscow and Moscow
oblast. Typical official statistics, for several
reasons, and the sharp fluctuations of the
population with daily, weekly and seasonal
rhythms distort the real picture of the
distribution of the resident population
throughout the city and its immediate
surroundings. Comparison of the total
size of the resident population in the
statistics and the population size estimates
accordance to the data of mobile network
operators on a winter weekday night,
which are as close as possible to the real
population size, give a rather unexpected
result. They show that official statistics
significantly overstate the population of
Moscow but underestimates the figures
for Moscow oblast. The population of the
capital on a winter weekday night is less
than that in the statistics by 1.6 million
people, amounting to 10.7 million against
12.5 million people. The population size
of Moscow oblast, according to mobile
network operators, reaches almost 8.5
million people against the "official" 7.5
million people (Makhrova and Babkin 2018).
At the same time, as shown by the data of
mobile network operators, even on a winter
weekday day, when the real population size
of the capital is maximum primarily due to
work- and education-related commuters, it
is more than 600 thousand people less than
shown in the statistics.

Such discrepancies are difficult to explain
and may be due to various causes. First,
it is the fact that Muscovites share two
homes: keeping their capital registration,
they also live in their dachas in Moscow
oblast, which reduces the capital
population and increases that of the oblast
(Between Home. .. 2016). In addition, some
Muscovites constantly live in the oblast,
solving their housing problem by acquiring
cheaper accommodation in  Moscow
oblast while retaining their registration in
Moscow and all the related "capital goods"
(supplements to pensions, Moscow health
care, etc.). However, sociological polls show
that there are quite few of those, about 300
thousand people.

A significant part of the discrepancies in
the population estimates of Moscow and
Moscow oblast may be associated with
errors in the census. Such deviations were
detected during the 2002 census when
the registered population exceeded the
real one. Thus, current statistics showed
that in 2002, the capital population was
8.6 million, but the census estimated it at
9.9 million people. Similar discrepancies
were also characteristic of the 2010 census
when the population increased from 10.6
to 114 million people (Mkrtchyan 2011).
As a rule, these discrepancies are attributed
to undercounting of migrations, which
raises doubts about the correctness of the
population census methodology.

4. Moscow and lIts Internal Structure of
Settlement

The Russian capital has always been a city
with a high population density, where
decompression was each time achieved by
expanding the boundaries of the city and
not as a result of suburbanization processes,
as was the case in the agglomeration cores
of economically developed countries. On
its own, the high population density is not
a particular problem. The classic of modern
urbanism, J. Jacobs (2011) calls a high
population density one of the principles of
urbandiversity,whichisexactlywhatattracts
people to cities. However, comparing the
population density of Moscow with other
cities considered to be similar to the capital,
this indicator is often rated as dangerously
high (this was cited as one of the arguments
in favor of the last expansion of the city).
The size of the city's territory represents
a bigger problem. Among other cities,
including the largest ones, Moscow stands
out for its atypically large size for a city,
which makes the authorities to ensure that
its territory is accessible by city standards
to all residents of the capital, including in
loosely populated affiliated territories.

In the 2010s, as in previous decades, the
population of the capital was increasing and
sowasthepopulationsize ofalladministrative
districts of the city, although the dynamics of
this growth was uneven (Table 3). In recent
years, the composition of the three leading
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okrugs in terms of population size has not
changed: these are the Southern, Eastern
and South-Western okrugs, the population
of each exceeding or approaching 1.5
million people. The population of another
five okrugs of the capital is also higher than 1
million: almost all of their territory is located
within the Moscow Ring Road, representing
a fairly densely built-up area. For a long time,
Zelenogradsky okrug (previously the city of
Zelenograd) located 20 km away from the
ring road, which was created as a Soviet

analog of Silicon Valley, is characterized by
the smallest population density and the
highest growth rates. After another large-
scale expansion of the city in 2012, which
occurs about every 25 years, two okrugs of
New Moscow have the smallest population
size with the highest growth rates.

The latest expansion of Moscow's territory has
led to significant changes in the population
distribution within the district zones'. While
the specific weight of the Moscow districts

" For a detailed analysis of changes in the distribution population proportions in the context of
administrative districts of the city, six zones of districts were distinguished: central (all districts
of the Central Administrative okrug); sub-central (12 districts that are first-order neighbors of
central districts, that is, districts that share borders with central districts); middle (third- and
fourth-order neighbors of central districts), peripheral (depending on the territorial size of
districts and their configuration, these are one or three "layers" of the districts located on the
inner side of the Moscow Ring Road), the near outer zone (districts beyond the Moscow Ring
Road until the borders of the Small Concrete Ring),; and the far outer zone (districts beyond the
borders of the Small Concrete Ring).

Table 3. Population distribution in administrative okrugs of Moscow

Ad”;iprijg?tive Populat;;r;,;lf;ousand Share in population, % Pgﬁ:rlwzﬂeogvsge

2016 2018 2016 2018 | 2016-2018,%
Central 7683(9) | 775909 6.2 6.2 101.0
Northern 11585 (7) | 11766 (7) 94 94 101.6
North-Eastern | 1413.7 (4) | 1424.9 (4) 15 114 100.8
Eastern 15058 (2) | 1515.9(2) 12.2 12.1 100.7
South-Eastern | 1380.7(5) | 1405.7 (5) 112 112 101.8
South-Western | 14262 (3) | 1437.2(3) 16 15 100.8
Southern 17744(1) | 17853 (1) 144 143 100.6
Western 13627 (6) | 13825 (6) 1.1 1.1 1015
North-Western | 9884 (8) | 10013 (8) 80 80 1013
Zelenogradsky 237.9(10) | 243.1(10) 1.9 1.9 102.2
Novomoskovsky 200.1(11) | 2342(11) 16 19 117.0
Troitsky 1134(12) | 1247 (12) 0.9 10 1100
Moﬁgeas d 123301 | 125065 100.0 100.0 101.1

*parentheses indicate the position of the okrug on the corresponding date.
Source: Mosgorstat official data.
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located on the inner side of the Moscow Ring
Road (MKAD) is decreasing at different rates,
the share of the near outer zone increased,
which is represented by districts beyond the
ring road. Due to active housing development
the population is growing rapidly, having
grown over the past three years by almost
90 thousand (Table 4). However, the density
of residents remains to be low here, second
only to municipalities of the far outer zone
(all within the borders of Troitsky okrug),
which, despite their capital status, resemble
the typical periphery of Moscow oblast (Fig.
3). These are the districts that concentrate
the primary resource for prospective housing
development and the related increase in the
amount and proportion of the population in
the future. However, the proportion of the
population of all the zones varies very little,
which indicates steady major proportions in
the population distribution of Moscow.

Important  changes in the population
distribution, which are not reflected by
statistics, are associated with the emerging
trends of greater social segregation along the
west-east direction, which are superimposed
on the inherited  center-peripheral
differences. The overall differences between

the center and the periphery, as well as the
west and east, are relatively stable, but as the
modern geography of prestige is forming and
the processes of social-spatial polarization are
growing, districts of the central and western
okrugs become more prestigious, and
most districts of the North-Eastern, Eastern
and Southern okrugs are more and more
clearly positioned as non-prestigious with
marginal population (Vendina 2005). The
attractiveness of the Eastern okrugs, as well
as Southern okrug, is significantly reduced by
the fact that they increasingly concentrate
migrants, including non-Russian ethnicities
from the former republics of Central Asia and
Transcaucasia (Vendina 2005; Immigrants
2009).

Moscow, as well as other major capitals of the
world, is characterized by a significant excess
of the population concentrated here during
the daytime over the resident population
At the same time, due to the seasonal nature
of Russian suburbanization and the dacha
migration during the warm season, a specific
feature of Moscow consists of significant
population size differences associated with
the effect of seasonal and weekly rhythms in
the life of the population. A winter weekday

2 The daytime population of Moscow, like any other megapolis, consists of residents and
additional population, where the latter includes people coming from towns and districts of
Moscow Oblast and neighboring regions with work-related, cultural and everyday goals, as
well as temporary population (tourists, visitors to the city, transit passengers, patients of various
medical institutions, etc.).

Table 4. Change of population size, share, and density by zones of Moscow districts

Population, thousand Share in total Population density,
District zone people population, % people/km?
2016 2018 2016 2018 2016 2018
Central 734.1(5) | 7759 (5) 7.5(4) 7.5(5) 11543 (2) | 11715 (2)
sub-central 906.9 (4) | 957.6(4) 7.6(3) 7.6 (4) 9310 (4) | 9830(4)
Middle 31744 (2) | 31849 (2) | 252(2) 251 (2) | 12192(1) | 12233 (1)
Peripheral 5844.6 (1) | 58913 (1) | 46.6(1) 46.5(1) | 11523 (3) | 11615(3)
near outer 15532 (3) | 16414(3) | 12.7(5) 129(3) | 2288(5) | 2417(5)
far outer 50.7 (6) 554 (6) 04 (6) 04 (6) 53 (6) 58 (6)
Moscow as a whole | 122639 | 12506.5 100.0 100.0 4785 4882

Source: compiled according to Mosgorstat data.
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Population density,
people/km?, 2018.

District zone

I Central

I Sub-central
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IV  Peripheral
V' Near outer
VI Farouter
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Administrative okrugs

“enogradsky

North-Eastern

South-Western

Fig. 3. Population density of Moscow municipalities, 2018, people/sq.km

is a period of maximum concentration of
the population in Moscow and "pull-up"
of the population to the center, while on a
summer day off a significant part of the city's
population spreads out over dachas. Taking
seasonal changes into account, this leads
to a 30% difference between a summer day
off and a winter weekday. In general, in the
summer months, the population of Moscow
does not exceed 10 million, "shrinking" by
about 15% at the weekend (Makhrova and
Babkin 2018).

The daily dynamics is most pronounced
in the city center, which concentrates a
significant part of the capital's workplaces
and shopping, entertainment, and leisure
facilities, and the population difference
between the daytime maximum and the
nighttime minimum on a winter weekday is
2.8 times. This territory is also characterized
by pronounced seasonality: the population
size on a winter weekday is 2.1 times higher
here than on a summer day off.
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The sub-central zone, consisting of the
Moscow districtsadjacent tothe Central okrug,
is also subject to daily population fluctuations,
which are less pronounced despite noticeable
decentralization of office and shopping
centers: weekly population drops are 1.5
times and seasonal 1.8 times. In the middle
zone of Moscow, which serves as a kind of
transition between the attractor districts of
the center and sub-center dormitory areas
on the periphery, daily fluctuations are poorly
pronounced, amounting to only 5%. Weekly
and seasonal changes play a more significant
role, but they reach only 1.2-14 times.

In the rest of Moscow's periphery districts
within  the Moscow Ring Road, daily
fluctuations are also only 5%, but the daytime
population is less than the night one, that is,
the majority of these districts are common
dormitory areas. For the districts of Moscow
located beyond the ring road (except for New
Moscow), the dormitory character determines
a significant excess of the nighttime
population over the daytime one (by
almost 40%). At the same time, the daytime
population in some of those districts (Mitino,
Vlykhino-Zhulebino, Nekrasovka, Yuzhnoye
Butovo, Solntsevo, and Novo-Peredelkino)
reaches only 60-70% of the nighttime one
(Makhrova and Babkin 2018).

5. New Moscow and Its Interaction with Old
Moscow and Moscow Oblast

In 2012, the expansion of Moscow by 2.5
times at the expense of sparsely populated
territories in the south-south-west of Moscow
oblast split the Moscow suburbs up to the
borders of Kaluga oblast. Two hundred fifty
thousand people in the least populated areas
of the Leninsky, Podolsky and Naro-Fominsky
districts are now part of New Moscow. Three
towns, two urban-type settlements, 234
villages, 52 settlements, and 652 gardeners'
and dacha partnerships of residents of
Moscow and towns of Moscow oblast were
transferred to Moscow. Now the Moscow
territory  statistics report more than 150
thousand rural residents, which in principle
contradicts the very concept of a city. For
example, St. Petersburg, despite the presence
of suburbs within the city limits, has no rural
population.

The official concepts for the development of
the vast southern territories of New Moscow
have changed several times over the past
five years. The previously proposed projects
for construction of ministries and business
and specialized centers in New Moscow
have not been implemented. The supposed
development similar to Korotishchi (almost
merged cities of Korolev, Mytishchi, and
Pushkino in Moscow oblast) also could not
be realized due to the vast territory of New
Moscow and the relative weakness of its
cities (How to Build... 2015). And although
federal officials abandoned initial plan of
moving to the southern territories of New
Moscow, the changes that have taken place
in these territories over six years are great.
The population of New Moscow has almost
doubled, and about 11 million square meters
of real estate has been developed here (New
Moscow 2017).

Towns in the territory of New Moscow
grew exceptionally fast from 2012 to 2018:
Moskovsky, from 203 to 534 thousand
people; Shcherbinka, from 353 to 51
thousand people; Troitsk, from 44 to 60.9
thousand people. The rural population
was increasing slower, which indicates
the ongoing processes of concentration
in urban areas. However, this applies only
to the resident population and its official
registration. Huge discrepancies between
official data and the real population, as
evidenced by various sources, indicate a
significant proportion of labor migrants
in the capital region, as well as those
Muscovites who live in dachas in the territory
of New Moscow.

The expansion of Moscow did not change
the trend for the Moscow oblast's population
concentration closer to the Moscow Ring
Road®. The population size was growing in
different directions, mainly due to migration
growth, and remained the largest in the first
and second zones of remoteness from the
Moscow Ring Road (Fig. 4). At the same time,
the migration increase in Moscow oblast's
districts adjacent to New Moscow in the first
zone* did not exceed the average for this
entire zone. However, after the expansion
of Moscow, districts and city okrugs of the
second and third zones of Moscow oblast in
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the south and south-west began to attract
many more migrants (Nefedova 2018). The
fact that migrants even outside the southern
sector were still rushing to the zone closest
to Moscow indicates that the spread of
Moscow's territory continues in all directions
even after the accession of new territories. At
the same time, in the south and south-west
of Moscow oblast, this spread beyond the
Moscow Ring Road turned out to be greater.

Construction of residential buildings in the
territory of Moscow oblast was also more
active around New Moscow. The construction
business, which became one of the main

stimulus for expanding the capital's territory,
involved not only the nearest territories joined
toMoscow butalsoMoscow oblast'sterritories
adjacent to New Moscow, becoming a driver
of increasing migration to suburbs of the
capital (Kurichev and Kuricheva 2018). As a
result, the attractiveness of the southwestern
sections of Moscow oblast turned out to be
about the same and even greater closer to
the Moscow Ring Road, as compared to the
newly joined territories of New Moscow. This
is due to the relatively cheaper real estate
outside of Moscow, complete infrastructure
in cities and rural settlements, as well as in
some cases better accessibility of the capital's

? To identify and analyze the internal differentiation of Moscow Oblast, the previously applied
grouping of municipalities into four zones in terms of their distance from the Moscow Ring
Road is used. The first (closest) zone includes districts and urban okrugs bordering Moscow,
the second (middle) zone includes municipalities that are second-order neighbors of Moscow,
and the third zone includes third-order neighbors. The radius of the first zone generally reaches
20-30 km, with the only exception of Odintsovsky District, which is very prominent to the west.
The second zone is 20-60 km away from the Moscow Ring Road, and the third zone is 60—100
km away. The far fourth zone includes western and eastern margins of the oblast, which do not
form a continuous ring. In 2016, more than 70% of the population of Moscow Oblast lived in the
first and second zones, where 6% of the first zone territory accounted for 34% of the population.
“ These are Leninsky and Odintsovsky districts; in the second belt, city okrugs Naro-Fominsk,
Podolsk, and Domodedovo; in the third zone, Chekhovsky District.
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Fig. 4. Migration growth in Moscow oblast per 1000 inhabitants in 2014-2015
in terms of distance from the old territory of Moscow. Compiled according to
Mosoblstat data.
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center from Moscow oblast than from New
Moscow.

Before they were removed from the oblast,
the territories that comprised New Moscow
were built up with multi-storey and low-rise
housing.In 2012, the governmentannounced
low-rise development as a priority in the
new territories of Moscow. However, it
became unprofitable to build family houses,
townhouses, and cottages on the capital's
land, and such housing began to gradually

give way to multi-story residential complexes.
At the same time, developers of multi-storey
housing became noticeably more active
in the areas of Moscow oblast close to the
Moscow Ring Road near New Moscow (Figs.
5and 6). As a result, the vast territory south
of the Moscow Ring Road is almost identical
in both New Moscow and Moscow oblast,
representing a complex mosaic of multi-
storey and one-storey buildings, gardeners'
partnerships, fields and forests.

Fig. 5. New buildings in Novodrozhzhino in Leninsky District of Moscow oblast (Photo
by T.G. Nefedova).
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Fig. 6. New Vatutinki in Desenovsky Settlement of New Moscow (Photo by T.G.
Nefedova).
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A noticeable increase in the rate of
population growth outside the three towns
that comprised New Moscow, before
and after joining to Moscow, is a typical
settlement of Novomoskovsky District (List
of Settlements 2018). This is especially true
for the Vnukovo settlement, sandwiched
between Moscow's enclaves Solntsevo
and Vnukovo, as well as of Sosenskoe,
which is adjacent to the Moscow Ring
Road (Fig. 7). A less pronounced response
to the expansion of Moscow was
observed for those settlements where
new development started before joining
Moscow, for example, in the Mosrentgen
settlement, which lies right next to

35 4

30 m2013-2017

25

the Moscow Ring Road. Due to such
significant transformations very close to
the Moscow Ring Road, the new territories
of the capital include typical villages.

After the expansion of Moscow, the
population growth in Troitsky District
outside the town of Troitsk has been much
smaller (Fig. 8) than in Novomoskovsky
District. In the settlement farthest from the
Moscow Ring Road (60 km), Rogovskoe,
which borders Kaluga oblast, forests are
interspersed with fields, small dacha
villages, and gardeners' partnerships,
which is not like a city at all. Nevertheless,
the population is also growing there,
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Fig. 7. A-B. Average annual population growth rates outside the towns of Moskovsky,
Troitsk, and Shcherbinka in settlements of New Moscow before and after its
formation, %. Compiled according to List of settlements (List of settlements... 2012)
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mainly due to external migrants, who,
registering on the outskirts of New
Moscow, in fact live and work within or
near the Moscow Ring Road.

Thus, against the extremely high
population density in the Center of
Moscow, the new remote territories of
the capital are characterized by typical
rural areas with many small villages,
dacha settlements, and the prevalence of
rural population in these formally urban
regions.

In addition to rural residents in New
Moscow, there are more than 600
gardeners' and dacha partnerships (All-
Russian... 2017) of not only Muscovites
but also residents of Podolsk and Naro-
Fominsk, sometimes with shabby wooden
houses without any amenities. Each of
these partnerships includes from a few
dozen to more than a hundred plots with
houses, which in the summer are able to
host several hundred people. In general,
the population in the summer season
increases by hundreds of thousands
of people, which is comparable to a
population of a dispersed city. They also
include numerous dachas in villages,
inherited or bought by Muscovites and
residents of the oblast.

{

Fig. 8. Forests and fields in Rogovsky Settlent of New Moscow

Thereisapronounced seasonal population
growth here: in Novomoskovsky District,
the closest to Moscow, it is about
30%, reaching almost 90% in the more
distant Troitsky District, which brings it
closer to certain poorly urbanized rural
municipalities of the oblast (Makhrova and
Babkin 2018).

The fate of second, dacha housing owners,
who now became part of New Moscow,
remains unclear. Perhaps some of them
will want to get a permanent registration
here to secure their rights to the expensive
land. Many gardeners' non-commercial
partnerships are gradually turning into
economy class cottage settlements. A
trend of registering elderly parents in
these houses has already been observed.
But the vast majority of owners continue
to live in two houses (Between Home...
2016). The Moscow authorities set the
task of transforming houses in gardeners'
partnerships into homestead properties of
good quality with permanent residence,
although very few Muscovites are
ready to give up apartments within the
Moscow Ring Road. Moreover, this will
require not only significant individual
investments of citizens, which is far from
what everyone can do, but also creating a
social infrastructure that is very costly with

5

(photo by T.G.Nefedova).
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such a dispersed population and discrete
patterns of development.

CONCLUSIONS

1. The center of Russia, Moscow and its
surroundings, is a place of the strongest
spatial socio-economic contrasts in the
country. At the same time, these contrasts
are characteristic not only of the vast
territory of the Central Russian megalopolis
but also of Moscow itself, especially after
the addition of the so-called New Moscow
with its poorly developed rural areas lying far
from the Moscow Ring Road.

2. Moscow, together with Moscow oblast
forming the Moscow metropolitan region,
became the main center of gravity in the
post-Soviet space, actively increasing its
demographic potentialandimportance both
within the country and Central Russia. At the
same time, the population dynamics, which
serves as an accessible integral indicator of
the level of socio-economic development
and attractiveness of the territory for the
population and business, shows how spatial
heterogeneity was increasing during the last
two decades.

3. The discrepancy in the development
trajectories of Moscow and the surrounding
Moscow oblast is particularly noticeable
against the background of the depopulation
of a significant part of slowly modernizing
regions and cities of Central Russia with an
inherited industrial burden. The gradient
of polarization of the Central Russian
megalopolis space between the cities of
Moscow oblast and adjacent regions in
terms of migration growth reaches three
times, while the outflow of population from
cities located beyond the boundaries of the
megalopolis runs almost two times faster
than in cities of the megalopolis, satellites
of the capital and centers of neighboring
oblasts.

4. The population estimates for Moscow
and Moscow oblast, published by official
statistics and those made using data from
mobile network operators, significantly
differ, showing serious distortions of the
real picture of the resident population

distribution. The population of Moscow
is overestimated, and the population of
Moscow oblast is underestimated, which
is due to methodological problems of
migration accounting and population
censuses, as well as strong population
fluctuations caused by massive centripetal
flows of work-related commuters and
centrifugal streams of dacha residents in the
summer.

5. Within Moscow itself, the steadily growing
population shifts towards the outer zone of
the districts that increase at maximum rates,
which leads to the decentralization of its
internal distribution. At the same time, the
newly attached territories are distinguished
by a low population density, preserving
the inherited features of development.
Important changes are associated with
increased social segregation of the capital
along the west-east and center-periphery
directions. Districts of the center and
western okrugs are becoming increasingly
prestigious. At the same time, most of the
peripheral districts of the North-Eastern,
Eastern and Southern okrugs are perceived
as non-prestigious outskirts with a high level
of concentration of non-Russian migrants.

6. Moscow is characterized by pronounced
population fluctuations. On a summer day
off, its population size is 30% less than on a
winter weekday, not exceeding 10 million
people in the summer months. Different
parts of the city have their own fluctuation
rhythms. Central and sub-central districts
are dominated by daily fluctuations, while
in the municipalities surrounding the city
center the amplitude of fluctuations is
smaller. The median and peripheral zones
are characterized by seasonal fluctuations
with an even less pronounced gradient. The
outer zone of Moscow's districts outside
the Moscow Ring Road is characterized
by significant daily fluctuations due to
work-related commuters. New Moscow
is dominated by weekly and seasonal
fluctuations with smoother daily dynamics,
while areas of the outer periphery, closer to
the borders of Kaluga oblast, have especially
pronounced seasonal rhythms due to dacha
specialization of these territories.
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7. The authorities  have  always
underestimated the unity of the Moscow
region, which is mainly occupied by the
metropolitan agglomeration. Its unity is
defined both by the territorial closeness
of Moscow's core and suburbs and by the
stable links between them. The general
infrastructure, powerful flows of population,
capital, and information require this urban
formation to be approached as a system
or organism, where impacts on some parts
inevitably affect the rest. Dissection of this
"body" by administrative boundaries does
not change the nature of its evolution
and functioning. Analysis of non-urban
areas within New Moscow shows that
with such a mosaic pattern of land use the
official division not only into Moscow and
Moscow oblast but also into urban and rural
populations becomes almost meaningless.

8. Over the past seven years after the new
territories were joined to Moscow, there
is still a question about the exact position
of the boundary of the urban "capital
landscape" in New Moscow. Areas that
can be redeveloped have been added,
and their migration inflow of younger and
more active population has increased. But
in case of acute land use conflicts, "lack of
oxygen" for small business, low qualification
of migrant workers, and poor quality of the
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LAND-USE CHANGE IN NEW MOSCOW:
FIRST OUTCOMES AFTER FIVE YEARS OF
URBANIZATION

ABSTRACT. Urbanization coincides with remarkable environmental changes, including
conversion of natural landscapes into urban. Moscow megapolis is among the largest
urbanized areas in Europe. An ambitious New Moscow project expanded the megapolis
on extra 1500 km? of former fallow lands, croplands and forests. The research aimed to
monitor land use changes in New Moscow between 1989 and 2016 years. Landsat 5
and Landsat 8 images (30 m spectral resolution) and Sentinel - 2 images (10 m spectral
resolution) were analyzed. All the images were collected for the similar summer period
(from June to August). The images were preprocessed and classified by Semi-Automatic
Classification Plugin in open source QGIS software to derive land cover maps. The
following land cover classes were identified: water, built-up areas, bare soils, croplands
and forested areas, and the total area covered by each class was estimated. The following
land-use change pathways were reported: 1) reduction of the forested areas by 2.5%
(almost 2000 ha) between 1989 and 1998; 2) partial reforestation (more than 1000 ha)
and abandonment of croplands (more than 3000 ha) between 1998 and 2010 and 3)
intensive urbanization (more than 11000 ha) between 2010 and 2016. New build-up areas
and infrastructures were constructed on former forested areas and croplands. Although,
some uncertainties in the absolute estimates are expected due to the classification errors,
the general urbanization trend can be clearly distinguished as a principal outcome after
the five years of New Moscow project.

KEY WORDS: land use and land cover change, deforestation, supervised classification, satellite
images, Landsat, urban planning, sustainable development
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INTRODUCTION 2050 (FAO 2009). Urbanization coincides

with remarkable environmental, social and
Global  urban  population  increases  economic consequences (Turner 2002
continuously and about 70 percent of Foley et. al, 2005). Conversion of the former
the world's population will live in cities by  agricultural and forested lands into urban
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areas is one of the main outcomes. An
intensive urbanization in coming decades
is projected in the developing countries
and regions (FAO 2002). As a result, these
countries will face numerous challenges in
meeting the needs of the growing urban
populations, including the demands for
housing, infrastructure,  transportation,
energy, and employment, as well as for basic
services such as education and health care
(UN.2014).

The urban expansion occurs on former
natural and forested areas and often
coincides with deforestation. The rate of
deforestation process is increasing every
year and it brings a big change in the earth's
physical and chemical environments (Kumar
2017). The tree canopies perform as barriers
for dust, noise and pollution (U.N. 2014) and
maintain the temperature regime of the
forest ecosystem (FAO 2018). Tree roots help
to hold soil particles together and mitigate
soil erosion (Bond, Hughes 2013). Forests
contribute to water balance by controlling
the precipitation distribution  between
surface run-off and ground waters (Kalnay,
Cai 2003). Cutting the forests down decreases
this protective service, disturbs nutrient
cycles and increases greenhouse gases'
emission (Hendesron-Sellers 2009: Bond,
Hughes 2013). Deforestation of the suburbs
results in substantial changes in the urban
climate and contributes to urban heat island
(Kalnay, Cai 2003; Oke 1982; Voogt, Oke 2003).
Urban heat island decreases the comfort and
quality of life in cities and causes the extra
costs for cooling (Sarrat etal. 2006; Tan etal.
2010; Kolokotroni et. al, 2006; Chen et. al.
2016).

Urban green spaces include places with
‘natural surfaces’ or ‘natural settings, but may
also include specific types of urban greenery,
such as street trees and green lawns. Typical
green spaces in urban and sub-urban areas
are public parks and urban forests; other
definitions may also include private gardens,
woodlands, children’s play areas, riverside
footpaths, beaches, and so on (WHO 2014).
Under the condition of growing or even
stable population, deforestation would
reduce the total area of green spaces per
capita (Gracey 2003). Decreasing of the green

areas per capita below minimal thresholds
can create health risks for population (SniP
[I-60-75 Russian Federation). The most likely
negative consequences for human health
are insufficient physical activity, depression,
respiratory diseases and allergic reactions
(WHO 2014).

Monitoring land-use changes and studying
their consequences are especially interesting
and relevant in the regions with ongoing
urbanization. New Moscow is a unique
area, which has been experiencing a rapid
urbanization during last five years since 2012.
Remarkable development of new urban
infrastructure in New Moscow coincides with
conversion of fallow, agricultural and forested
lands into build-up areas. The aim of the
research was to analyze the land-use changes
dynamics in the current New Moscow area
between 1989 and 2016 and to investigate
the land-use change and environmental
consequences of New Moscow project.

MATERIAL AND METHODS

Deforestation of suburban areas is a
continuous non-linear process, that shall be
considered to select a relevant monitoring
approach. Federal State Statistics Service
provides information about land-use change
annually but lacks spatial explicitness and
doesn't allow following rapid changes
occurring in short time periods. Similarly,
land-use change studies based on the
existing cartographic maps will not catch up
with the ongoing rapid land-use changes like
urbanization (Sivtsov 2014). In comparison
to census data and cartographic maps, a
remote sensing approach and GlS-based
solutions give a considerable advantage to
obtain more detailed information with an
appropriate frequency (Frelinger, Gabriele
1999; Lurie et al. 2017). Open access to data
is available from many official sources, which
provide satellite imagery free of charge, eg
USGS Earth Explorer, NOAA CLASS; NASA,
EOLi. Remote sensing data is widely used
for land use monitoring and agricultural
purposes (Hadjimitsis etal. 2010; Liang
etal. 2008). Implementing remote sensing
approaches to monitor urbanization and
estimate its environmental consequences is
getting increasingly relevant
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Research area. New Moscow extends from
54055'N to 55%1'N latitudes and from
36042'to 37°71' longitudes Southwest of the
Moscow city and covers an area of more than
148 thousand hectares, which was officially
included into the Moscow city boundaries
in 2012 (Fig. 1). The climate is temperate
continental, summer is warm, winter is
moderately cold. Before 2012, less than 10%
of the New Moscow areas was urbanized,
whereas forests and croplands had covered
51 and 17% of the areas respectively. New
Moscow forests mainly belong to the
category of mixed forest. Birches (Betula
pendula, Betula alba), alders (Alnus inana), firs
(Picea abies), pines (Pinus sylvestris), maples
(Acer platanoides), oaks (Quercus robus),
lindens (Tilia cordata) and aspens (Populus
tremula) are the most spread species (Vasilev
and Chistov 2016). Grain, row and vegetables
are the most spread crops in the region.
Soils in the region are dominated by Retisols
(Shishov and Voitovich 2002; FAO 2006).

As a result of the New Moscow Project, the
area of Moscow city increased by almost 2.5
times. In 2012-2018, more than 8 million m?
of housing, 2.8 million m? of non-residential
property objects, 47 public facilities and 2
metro stations have been constructed and
completed. The development potential
is estimated as 63.9 million m? for new
working places, 89.8 million m? for residences

¢ & s
b i, £

and 1156 km for the construction and
reconstruction of roads. By 2035, it is planned
to build 65 km of metro tracks and to open 29
new metro stations (Privezentseva and Tesler
2015). Established infrastructure and created
working places attract labor migration and
lead to redistribution of population inside
Moscow, especially parts of the New Moscow
neighboring old Moscow  boundaries
(Makhrova and Kirillov 2018). With all these
achieved and planned activities, New
Moscow is for sure the most ambitious
urbanization project in Russia.

Datasets. The datasets used in the study was
derived from a sequence of satellite images
from 1989, 1994, 1998, 2007, 2010, 2015
and 2016 taken by Landsat 5, Landsat 8 or
Sentinel 2 (Table 1). The resolution of images
allows to detect land use and land cover
(LULC) categories of the study area.

Image Classification methods. The supervised
classification approach was used to classify
the land-use types. The following research
steps were taken: 1) the pre-processing
operations (including atmospheric correction
and clipping); 2) supervised classification of
images; 3) classification accuracy evaluation
and 4) estimation of the forested areas.
Supervised  classification  algorithm s

presented on Fig. 2.

Wytishehinsiy rayon- Korolyov

havoronks

Odintscyskiy rayon
(]

Chekhovsky. rayn&

Fig. 1. Geographic location of study area (QGIS, Quick Map Services plugin, Google
Satellite, ESRI Boundaries & Places, Bing Map)
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Table 1. Comparative characteristics of satellite images (Images taken from USGS
official website)

Satellite Sentinel-2 Landsat-5 Landsat-8
03/06/1989
30/07/1998
Date 07/24/2016 24/08/2007 26/05/2015
15/07/2010
Spatial resolution 0m 30m 30m
(meters)

Set the input image

W
Create the training input
file

N
Create the Regions of
interest

N
Create a classification

preview

Satisfactory
results?

W N4
Run the classification Regions of interest
enhancement

N

WV

Classification accuracy
assessment

A4
Land use/land cover map

Change rate analysis

Fig. 2. Supervised classification workflow
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Atmospheric correction of remote sensing
data was used to decrease jamming and
deterioration of images by smoothing and
minimizing distortion, cloudiness and the
effect of water vapor (Fallati et. al,, 2017).
Only the images collected during the
similar period (growing season) were used
to increase the comparability between
the years. Correction and classification
were performed using Semi-Automatic
Classification  Plugin. Land cover for
selected the time periods between
1989 and 2016 was classified into 4
categories — forested, built-up, agricultural
(including bare soils) and water bodies.
The adopted classification is hierarchical
with two levels of detail: Level | (macro-
classes) and Level Il (micro-classes). The
images for each observation period were
classified into 4 macro-classes: water,
built-up, crops (including bare soil area)
and forest. Classification was performed
using Minimum Distance algorithm. The
spatial accuracy of the classified maps was
checked using Error Matrix by creating
randomly scattered 100 points for every
observation period. These points were
overlaid on the classified images. All
preprocessing operation, Error Matrix
creation and classifying raster maps
conversion to shape files were performed
using  Semi-Automatic  Classification
Plugin.

We assume that 1) the rate of urbanization
expansion could increase considerably
from 2012 to 2016 compared to the
other time periods; 2) deforestation and
urbanization processes in New Moscow
are interrelated.

RESULTS AND DISCUSSION

Land-use change pathways in New Moscow
in 1989-2016. Land-use maps were derived
from the satellite images for each of
the observation periods and an overlay
between the maps from different periods
allowed illustrating the major land-
use change pathways. Three land-use
categories — forested areas, croplands and
urban (build-up) areas experienced the
most considerable changes during the
entire observation period and the land-use

structure of the New Moscow territory in
2016 is considerably different compared to
the first observation period in 1989. Urban
expansion was obviously the dominating
trend in the area. The total build-up area
increased almost two times — from 1.3 to
2.4 km?2. The major part of new build-up
areas was developed within approximately
30 km from the Moscow city (boundaries
before 2012), whereas urban expansion in
the remote parts of the region were less
intensive. The forested area in 2016 was
0.26 km? less than in 1989, evidencing that
3.5% of the initial forest resources were
lost during this period. Cropland areas also
decreased on 0.2 km?, which is more than
4% of the arable lands in 1989 (Fig. 3).

Comparison between 1989 and 2016
highlights the major land-use change
outcomes but does not describe land-
use dynamic inside this period, which
is important to understand the drivers
behind land-use change in the region.
When the maps derived for all the
observation periods were compared, the
following land-use change pathways were
found: 1) forested areas converted to built-
up areas; 2) forested areas converted to
croplands; 3) croplands converted to built-
up areas (fig4) . None of these land-use
change pathways remained linear for the
whole observation periods but increased
or decreased the intensity or even
changed to a reverse land-use change
in result of social-economic impacts and
political decisions. Several periods with
different dominating land-use change
pathways can be distinguished. During the
period between 1989 and 1998, cropland
increasedonmorethan1.1km? whereasthe
forested areas decreased on approximately
0.1 km? This can be an evidence of
the intensification of agriculture in the
Moscow region by 1998 after its collapse
in the beginning on 1990s, which could
partly occur on former forested areas (e.g,,
non-protected forests). In 1998-2010 the
opposite trend was observed — forested
areas increased on 0.1 km? and cropland
decreased on comparable 033 km?Z
Partly, this outcome can be explained by
reforestation of the abandoned croplands,
which profitability in the Moscow region
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I Forested areas

I croplands
[ Build-up areas

Fig. 3. Changes in forested areas, croplands and build-up areas in New Moscow
between 1989 and 2019

The beginning of

63000 - the New Moscow
58000 | Crops
o 53000 -
':.43000 1
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o 76500
o
< 75500 | .
74500 l
25000
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©
£15000
©
210000
<
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0 : : : :
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Observation period
Fig. 4. Land-use change dynamics in New Moscow during the period 1989-2019

is rather low. Interestingly, during twenty ~ However, the next period between 2012
years between 1989 and 2010 the extent  and 2016 showed a rapid urbanization on
of build-up areas increased just on 0.09  more than 1.1 km? (86% of build-up areas
km? or by 7% from the initial urban area.  in 2010). Apparently, this urbanization
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occurred on former forested areas and
croplands, which extent decreased on 0.25
and 1.0 km? correspondingly during this
time period.

Data accuracy and uncertainties  of
projections. Several sources of uncertainty of
the obtained estimates could be expected.
The primary one is the classification error.
To check the classification accuracy was
checked by a routine procedure based on
the Kappa hat criteria measured based on
the comparison between observed and
expected estimates. The outputtable (Table
2) includes overall accuracy, producer and
user accuracy for each established macro-
classes. Overall classification accuracy
2007, 2010, 2016 classification exceeds 85
%, that is minimum level of interpretation
accuracy in the identification of land use
and land cover categories from remote
sensor. Further, the outcomes of the
remote sensing analysis were compared to
the census data to validate and explain the
found land-use changes. One of the main
indicators for the building construction
sphere is the established dwellings (min.
square meters of total floor space of
dwellings). This indicator characterizes a
housing stock development at the end
of the year. We compared this indicator to
the extents of build-up areas projected by
remote-sensing approaches and obtained
a significant correlation (r = 0.89) between
the values. This confirms that the reported
urbanization trend was correct.

Besides, the approach we used is focused
onthelandconversionbetweenthe macro-
classes (forested areas, croplands and
build-up areas), whereas changes in micro-
classes were estimated with less accuracy
and therefore could cause additional
errors. For example, in the period between
1998 and 2010 an increase in the total
area of the forests was reported. However,
a detailed study of the high-resolution
images available from the resource Google
Earth Pro space images, explained this
outcome by the gradual “reforestation” of
felling sites. The figure 5 gives an example
of a specific forest site which was cut down
in the 80-s and abandoned afterwards.
They stood out against the background of
a common array, young shoots were rare
and crown not lush enough. Considering
these properties and the spatial resolution
of satellite images (30 m per pixel), the
algorithm did not classify such areas to
the "forest" macro-class until 2007. Only
the results of the classification for 2010
showed that these areas were recognized
as forested again (Fig.5).

Finally, the negative consequences
of urbanization are not limited to the
decrease in the quantity of forested areas,
but also alter the quality of forests, change
their structure and deplete the ecosystem
services they provide (Defries and Pandey
2010; Lyu et al. 2018). Defragmentation
of the forested areas activates the
"edge erosion” when the forested areas

Table 2. Classification accuracy (Error Matrix)

Overall | Macroclass Macroclass Macro- | Macro-
. , , Macroclass . , Macroclass
) classifi- Forest , , Crops ) ; class class
Observation . Forest'user Crops'user | , o ,
. cation producer producer Forest Crops
period accuracy accuracy
accuracy | accuracy (%] accuracy (%] Kappa Kappa
[%] (%] [%] hat hat
1989 78.84 92.31 80.00 95.65 88.00 0.73 0.78
1998 77.98 91.79 84.40 65.10 64.14 0.59 049
2007 87.50 99.70 83.33 77.78 87.00 0.71 0.80
2010 95.71 99.80 99.80 91.18 81.58 0.98 0.79
2015 94.15 93.84 99.05 9593 89.11 0.98 0.83
2016 93.80 86.90 95.77 97.59 93.70 0.94 0.80
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08/08/2004

07/23/2008

07/13/2014

08/28/2016

05/22/2017

05/22/2017 — zoomed
image

Fig. 5. Regeneration of the cutting area in the South-Western part of the study region
(images are taken using Google Earth Pro service).

neighboring urban areas get exposed
to high anthropogenic load resulting
in biodiversity loss and simplification of
the vertical structure (Rysin et al. 2004).
Deforestation  followed by intensive
development of urban infrastructure (i.e,
building construction, development of
roads and railways) creates further risks
for air quality (Belyakov and Koldobskaya,
2018), soil degradation (Romzaykina et al.
2020), biodiversity loss (Demina et al. 2019)
and erosion (Daykovskaya 2014). All these
multiple consequences shall be taken
into consideration for sustainable urban
development in New Moscow.

CONCLUSION
Ongoing  urbanization  alters  land-
use structure globally and regionally.

New buildings and infrastructures are
developed on former agricultural and
forested lands to satisfy the demand of
growing populationin place for settlement.
New Moscow projects is a unique case of
the tremendous increase of urbanization
intensity by a political decision. Land-
use change dynamics observed in the
region between 1989 and 2010 changed
considerably in 2010-2016 when the New
Moscow project was started. The build-

up area remaining invariable for almost
twenty years increased two times during
the following six years. The extent of the
agricultural and forested areas decreased
to a total 1.25 km? for the same period.
Although some uncertainties in the
absolute estimates are expected due to
the errors in semi-Automatic Classification
and land cover dynamics inside the
distinguished land-use classes, the general
tendency of an intensive urbanization is
clearand confirmed by a strong correlation
with a census data on the new dwellings
put in place. A rapid urbanization on
former croplands and forested areas can
result in depletion of important ecosystem
services, which shall be considered for
such ambitious projects as New Moscow.
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SUSTAINABLE FOREST MANAGEMENT
TOOLS FOR THE MOSCOW REGION

ABSTRACT. The paper presents an inventory of current forest formations and a map of
forest vegetation in the Moscow region. To assess current forest formations, an approach
integrating both ground- and remote sensing data was applied. The transformation of
forests in the Moscow region was evaluated by the criteria of changing the quality,
quantity and spatial configuration of forests, in accordance with the model SLOSS (Single
Large or Several Small). The conceptual model "Pressure-State-Response” (hereinafter
PRS) was used to develop appropriate tools for sustainable environmental management
in the region. The use of this model made it possible not only to assess the state of forests
but also to determine the main impacts affecting them, as well as the effectiveness
of measures aimed at optimizing environmental management regimes in order to
maintain forest biodiversity. Complex assessment of sets of indicators for each group
of PRS criteria is performed for the integrated multicriteria assessment of sustainable
forest management within the boundaries of urban districts. The average normalized
score was calculated for each group of criteria. Correlation between the scores of the
groups of criteria evaluated and classification of administrative units according to the
ratio of groups of the K-means method criteria performed. As a result of component-
by-component evaluation, the values of indicators are presented in form of tables
and map charts. Benchmarking of Specially Protected Natural Area (SPNA) system and
reforestation activities is performed regarding to the forest biodiversity conservation
in the urban districts. It is shown that single integrated assessment of the ecological
value of the territory (the "State" criterion), an integrated assessment of impact factors
(the "Load") and appropriate actions to maintain forest biodiversity (the "Response”
criterion) can be considered as an expression of generalized information directly used
in decision-making and assessment of current trends for a particular region.
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INTRODUCTION

The problem of a sustainable combination
of anthropogenic activities with the
environment for the Moscow region
is extremely urgent. Sustainable forest
management means the management
of forests in such a way as to ensure their
biological diversity, productivity, renewal,
viability, as well as environmental, economic
and social functions (Ministerial conference
1993). The proximity to large urban
clusters inevitably leads to a change in the
natural properties of forests, while their
importance for the city is extremely high.
In general, the transformation of forests in
conditions of long-term economic impact
in accordance with the SLOSS model (Single
Large or Several Small) occurs in different
directions (Diamond 1975; Ovaskainen 2002;
Ovaskainen 2012) (Fig 1).

Forest ecosystems of the Moscow region
have been affected by deep anthropogenic
transformations since the 16" century, and
the decline in the quality of forest cover in
the region occurred in all directions with
different intensity for different periods of its

Viable

foreste stems

Loss of forest quality

history. Zonal broad-leaved and coniferous
forests have been replaced by secondary
mostly small-leaved forests, thus there has
occurred a change in biodiversity and a
decrease in the resistance of ecosystems
to external damaging factors. Recently,
the region has been characterized by
massive outbreaks of bark beetle in spruce
plantations, intensive urban development,
cottage construction, and recreation. As a
result, active economy, including widespread
forest plantation practice, has significantly
changed the ecological and coenotic range'
of zonal? coniferous and broad-leaved forest
communities. Today’s forests in the Moscow
region are distinguished by a number of
features: a significant recreational pressure
due to the high population density; limited
purpose use of forests (in accordance with
the Forest Code of the Russian Federation
forests belong to the protection group); poor
sanitary condition and unstable ecological
situation caused by a lack of regulatory
sanitary measures.

The wide experience in studying of
typological diversity of forest communities
and their dynamics is saved up for the forests

Fragmentation
(loss of connection
between disjunct patches)

Fig. 1.Trends of forest changes at the regional level (Ovaskainen 2002; Ovaskainen
2012 as modified)

'Coenotic range — belonging to a typological unit
2Zonal - communities which occupy uplands natural areas (well-drained plains or watersheds)
on soils of medium grain-size composition (sandy loam or loam).
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of the Moscow region (Konovalov 1929;
Byazrov et al. 1971; Kurnaev 1968; Forests
1982; Forests 1987; Forests 1985; Dynamics
2000; Rysin and Savelieva 2007). The map
of vegetation of the Moscow region is
developed (1:200 000 scale, ed. by Ogureeva
1996) which is based on the materials of
forest inventory data and field research.
Later, the list of community types used for
the "Explanatory text and map legend"
(Ogureeva 1996) was significantly revised
and supplemented (Suslova 2019).

A number of papers dedicated to the
environmental and SOCio-economic
prospects of New Moscow development are
known (Komarova 1997; Golubchikov 2012;
Makhrova et al. 2013; Kuricheva 2014; Lurie
et al. 2015; Ataev-Troshin 2017; Nefedova
2017). Economic assessments of ecosystem
services in the strategies of socio-economic
development in the implementation
of individual megaprojects are known
(Economy of biodiversity conservation 2002;
Ecological and economic index.. 2012).
The existing losses of ecosystem services
of natural landscapes are calculated for the
territory of Moscow (New Moscow with an
area of about 160 thousand hectares) which
amount to about 10 trillion rubles (Tishkov
2014).

Despite the long history of studies in the
region, the assessment of the current state
of forests in the Moscow region is still
not developed, and there are questions
unanswered left in relation to the dynamics
of forests and the possibility of forecasting
their environmental and recreational
potential. Available information is limited
to the Forestry Committee of the Moscow
region’s annually updated data on the areas
covered by the main types of forest stands
of different age classes on designated forest
lands and lands of defense and security.
The lack of up-to-date information on the
structure and composition of the Moscow
region forest cover makes it impossible to
assess the current state of forests and their
respective socio-environmental functions.
This information should also include
regularly updated digital maps of typological
forest diversity.

The purpose of this work is to inventory
the current typological forest compositions
and to develop tools for sustainable
environmental management in the Moscow
region.The first part of the study is performed
with modern digital technologies, including
modeling. The second part is based on the
conceptual model "PRS" (OECD 1993).

Presentstudyisthe follow-up of theapproach
based on the system of indicators of forest
state assessment of the Moscow region
(Levitskaya and Chernenkova 2012). Itis also
follow-up of studies on the identification of
the forests typological composition in the
region performed by Chernenkova et al.
(2015; 2018; 2019).

MATERIAL AND METHODS

In selecting the best tools for sustainable
environmental management, the PSR model
not only assesses the state of forests, but also
determines the main impacts on them, as
well as the effectiveness of measures aimed
at optimizing environmental management
regimes to maintain forest biodiversity. In
accordance with the criteria of the model,
we propose to perform a component-
by-component assessment of the main
indicators in relation to urban districts of
the Moscow region — units of municipal
management according to the reform of
2019. Table 1 contains the list of criteria and
indicators for forest management, used
to assess forest condition and processes
— the pressure and response measures to
maintain forest biodiversity. Finding the
relationship between the Pressure, State and
Response components of the model forms a
mechanism to maintain a certain quality of
forest cover.

When formulating a set of indicators, we
proceeded from the following requirements:
1) consistency with the list of the main
criteria and indicators generally accepted in
national and international practice;

2) the possibility of obtaining official
statistics;

3) the possibility of obtaining data and
processing them using independent
sources (field- and remote sensing data);
4) the possibility of obtaining quantitative
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Table 1. Criteria and indicators of forest management in the Moscow region

Criteria

Indicators

Pressure — effects
of natural and
anthropogenic factors
on forest cover

The area of forest- and tree cover loss (ha) as a result of
construction, logging, fires, pest and forest diseases, adverse
weather conditions, etc.

Built-up area (ha)

The overall impact on the forest (the ratio of human population
to the area of urban district (persons/km?))

Agricultural land area (ha)

Environmental pollution (emissions (tonnes))

Typological diversity (the proportion of nominally primary

forests (%))

State of forest cover

Forest area (ha)

Spatial structure of forest cover (fragmentation metrics of area
(ha), shape, proximity (m))

Response — measures

Area (ha) and number of SPNA

to maintain forest
biodiversity

Reforestation (ha) (natural and plantation)

estimates and calculating complexindicators
of environmental value for the territory.

The resulting list of the main forest cover
indicators corresponds  well with the
conceptual approach of assessing their
transformation in three main areas -
changes in their quality, quantity and spatial
configuration reflected in the SLOSS model
(Fig. 1).

The values of the indicators were evaluated
within the urban districts, with the estimated
values of the parameters converted into a
unit area or presented in absolute units. All
variables are given equal weight because
there are no generally accepted priorities in
ranking the parameters.

Condition of forest cover

Inventory of typological diversity of the
forest composition is an important step
towards identifying the conditions of
sustainable environmental management.
To assess the current composition of forest

cover, an approach integrating ground and
remote sensing data was applied.

The analysis used the results of field
descriptions  (about 1500 geobotanical
descriptions on the area of 400 m?). The
localization of the points is related to the
surface coverage of habitats, heterogenity
in vegetation composition, soil composition
and origin of rock material. Land cover types
not presented in the descriptions (agriculture
fields, water bodies, human settlements)
were added to the training sample, based on
visual analysis of the remote sensing data.
Thus, about 2500 more points used in the
training sample were obtained.

The analysis of spatial distribution patterns
of selected syntaxons and their cartographic
mapping, consisted in interpolation of
vegetation classes to the upper-scale levels,
by relating the training sample to remote
sensing data and a digital elevation model
(DEM) (Puzachenko et al. 2014; Chernenkova
et al. 2018). The forest formation® was the
basic unit to be mapped, and was used as
a grouping variable for multivariate analysis

*Formation - the unit of classification, which is defined by the edificator of the tree layer and it

includes indication dominant species of trees.
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of multispectral images. Data from Landsat
satellites (TM, ETM+, OLI and TIRS sensors)
and SRTM v3 data, as DEM, were used. The
methodology used is covered in more detail
in earlier publications (Puzachenko at al.
2014; Chernenkova et al. 2015; Puzachenko
and Chernenkova 2016).

On the basis of the developed forest
cover map, the area and the proportion of
nominally primary forests were estimated
within the urban districts.

Informative indicators of the quality of forest
cover are landscape-ecological metrics of
fragmentation of forest stands (McGarigal et
al. 2012). To determine effective indicators
the metrics were calculated by urban district.
A comparative study of their correlation
tables was carried out. As a result, for further
analysis, three most simple and informative
indicators were selected — the metric of the
patch (an area of homogenous forest type
located on relatively homogenous soil type
and homogenous form of relief) area, the
diversity of the patch shape, and the patch
isolation.

The average patch area is the basic indicator
of fragmentation for any spatial units. To
calculate the metric in the context of urban
districts, the area-weighted average was
used. Emphasizing the importance of larger
patches, the weighted average calculation
of the metrics focuses on the characteristics
of the forest area as a whole, rather than
forest patches (with simple averaging)
(Jaeger 2000).

A number of studies have shown that
shape metrics (shape index, perimeter/
area ratio, contiguity etc) are indicators
of many environmental processes, in
particular, the intensity of seed propagation
and overgrowth (Hardt and Forman 1989),
affect the migration and foraging strategies
of forest animals (Forman 1986; Buechner
1989). The main feature of the shape metrics
is the indication of quantity and quality of
ecotones, edges and boundary habitats.
Shape index (SI) is the most simple and
straightforward indicator of complexity of
the contours (Fridland 1972; Patton 1975).

0.25p,

4a;

where p;is the perimeter of the patch; m, a,
is the area of the patch, m?. The metric value
varies from 1 (for a square shape) to infinity.
In contrast to the simple perimeter/area
ratio, the shape index is not sensitive to the
size of patches.

ST =

Aggregation metrics show the degree
of fragmentation and mutual mixing of
different classes of vegetation among
themselves — formations in our case. In
particular, isolation of forest patches is the
simplest metric associated with the theory of
island biogeography (MacArthur and Wilson
1967) and the theory of metapopulations
(Levins 1970). It is shown that isolation of
local subpopulations affects the state of
metapopulation and is critical for habitats
of protected species (Lamberson at al. 1992;
McKelvey et al. 1992). Isolation is measured
as the euclidean nearest neighbor (ENN)
distance between the closest to each other
patches of the same type.
ENN= h vvhereh distance (m) from patch
jto nearest nelghbormg patch of the same
type (class), based on patch edge-to-edge
distance, computed from cell center to cell
center.

Pressure - effects of natural and
anthropogenic factors on forest cover

To identify the main types of pressure on
natural habitats (Table 1) official statistics for
2007-2018 (Federal State Statistics Service
2019), data obtained from remote sensing
surveys were used as sources of information.
In particular, information from large-scale
global remote sensing survey (based on
Landsat satellite data (Hansen et al. 2013)
was used to estimate the area of forest cover
loss and gain in the period 2000-2012). The
main part of the study was carried out in
2013, but the clarification and annual update
occurs annually.

Response — measures to maintain forest
biodiversity

The size of SPNA is a priority parameter
in assessing the sustainability of forest
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management (The Ministerial... 1993;
Montreal... 1995), because only protected
areas provide possibility of effective
conservation of species and ecosystem
diversity, creating conditions for the
spontaneous flow of natural environmental
processes. In SPNA  nominally primary
and secondary forests of different types
were described on 450 sample plots.
A comprehensive assessment of sets
of indicators for each group of criteria
PSR was performed for an integrated
multicriteria  assessment of sustainable
forest management within the borders of
the urban districts. Each indicator in the
group was normalized to scores from 0
to 1, and the average normalized score
was calculated for each group of criteria.
Correlation between scores of groups of
criteria were estimated, classification of
urban districts was performed on a ratio of
groups of criteria by K-means method. The
indicator values, resulting from component-
by-component assessment, are presented in
form of tables and map charts.

Multivariate  statistical methods  were
employed in data processing using the
software packages STATISTICA and [IBM
SPSS Statistics (correlation, regression and
discriminant analyses). The standard ArcMap

software products were the means of
geoinformation analysis and visualization of
the results.

RESULTS

In accordance with the adopted
methodological approach, reflecting the
causal relationship between impacts and
changes in forest cover, the following results
were obtained on the main indicators of
State, Pressure and Response.

State of forest cover

Typological composition of forests. The
forests on the sample plots were classified to
18 syntaxons at the level of formations. The
results of interpolation of forest vegetation
classes by discriminant analysis allowed
to estimate the diversity of forest cover
throughout the region and to develop a
map of vegetation cover (Fig. 2). Here and
elsewhere according to the tradition of
Russian geobotany, forestry and dendrology
under small-leaved we mean birch, aspen,
alder, and under broad-leaved we mean oak,
lime, maple, ash.

51% of the Moscow region is forested, and
40% of the forest area is predominated

- 1 spruce forest (with isolated birch and aspen)
- 2 spruce forest with oak and lime
- 3 spruce forest with pine

- 4 spruce forest with small-leaves
I:I 5 pine-spruce forest

- 6 pine forest (with spruce and birch)
- 7 pine forest with lime, oak and hazel
- 8 oak forest with lime, spruce and birch
- 9 lime forest with oak

- 10 lime forest with spruce and birch
- 11 broad-leaved forest with spruce
- 12 birch forest with spruce and aspen
- 13 birch forest with oak and lime
- 14 aspen forest with spruce and oak
- 15 gray alder forest

- 16 black alder forest

|:, 17 small-leaved scrub

- 18 clearing

I: 19 meadows

- 20 open land and wetland

I 21 willow shrub

l:l 22 agriculture

- 23 water bodies

- 24 settlements

Fig. 2. Map of forest formations in the Moscow region
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by small-leaved species. The main forest
forming small-leaved species are birch
(Betula pendula, B. pubescens), aspen (Populus
tremula), gray alder (Alnus incana), and willow
(Salix spp.). The vast majority of small-leaved
forests are secondary succression from
coniferous, broad-leaved - coniferous and
broad-leaved forests. Typological diversity
of small-leaved forests is quite high, due to
the variability of landscape conditions and a
wide range of forests at different succession
stages. Primary forest communities of
alder (Alnus glutinosa, A. incana) and white
willow (Salix alba) exist in riparian habitats,
floodplains and in wetlands.

Spruce small-leaved communities are
presented by a short-secondary succession
of forests formed on-site from small-
leaved forests. This type of community
has very diverse understorey, including
boreal species (Oxalis acetosela, Rubus
saxatilis, Gymnocarpium dryopteris,
Maianthemum bifolium, Orthilia secunda,
Pleurozium schreberi, Hylocomium splendens,
Rhytidiadelphus triquetrus) which combine
in different proportions with nemoral
species (Carex pilosa, Galeobdolon luteumn,
Asarum europaeum, Pulmonaria obscura,
Athyrium filix-femina, Ranunculus cassubicus,
Aegopodim podagraria, Cirriphyllum piliferum,
Eurhynchium angustirete). The proportion of
spruce — small-leaved forests within the total
forest cover is 13%.

The compositions of spruce forests vary
(combinations of spruce with birch, aspen,
pine and broad-leaved species), and largely
characterize the compositions of primary
forests in the coniferous — broad-leaved
zone. The proportion of plantations is high
(mainly spruce mono cultivation). The
understorey vegetation ranges from boreal
to nemoral species compositions. The
structure of spruce forest of the boreal group
(small-herb-green-moss and green-moss)
shows up a relatively small number of types
of communities, while subnemoral (small-
herb - broad-leaved herb) and nemoral
(broad-leaved herb) groups of spruce forests
have larger coenotic diversity. This is both
due to the greater presence of other tree
species, and to the diversity in ground cover

dominant species. The total area of spruce
forests is 12%. The area of distribution of
boreal small-herb - green-moss spruce
forests is small (about 1.5%) with their
predominance in the North-Western part of
the region. Spruce forests with broad-leaved
herb have the largest distribution and equals
more than half of the total spruce forests
area. This type also has a high proportion of
plantation spruce trees.

Pine and pine-spruce forests on watershed
surfaces are not fully primary communities
and represent successional stages in
in transition to more nature forests.
The absence of pine regeneration in
communities of automorphic (watershed*
located) habitats indicates the origin of
pine forests after fires and cutting, as well
as in plantations. In one case, restoration
is accompanied by active regeneration of
spruce forests; in another case on rich soil
- broad - leaved species, which supersede
pine and  pine-spruce  communities
within a few decades. A small proportion
of pine forests will remain on the steep
slopes of river valleys due to pine-friendly
environmental conditions (light sandy
soils with good drainage) with constantly
maintained recreational effects, as well as
in hydromorphic (peatbog) conditions.
On the dry and poor sandy soils of
Meshchera physiographical province (on
the East of the region) there are areas of
natural lichen-green-moss pine  forests
with Calluna wvulgaris, Convallaria majalis,
Pulsatilla - patents, Chimaphila umbellata,
Jovibarba globifera, Veronica incana. In the
sub-latitudinal direction, as in the case of
spruce-small-leaved,  spruce-broad-leaved
and spruce forests, there is a different ratio
of communities with a predominance of
plant species of the boreal, subnemoral and
nemoral layer in the understorey. The total
forest area with pine communities in the
Moscow region is about 15%.

Forests with broad-leaved species retained
the main features of pimary broad-
leaved coniferous forests — mixed species
composition, multi-storey forest structure
and rich species composition. Spruce —
broad-leaved forests with broad-leaved

“Watershed is an elevated terrain that separates neighbouring drainage basins
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herb communities are characterized by
a close proportion in the ratio of spruce
and broad-leaved tree species (oak, lime
and maple) in the upper understorey of
the forest. The largest area of distribution
of patches of broad-leaved — coniferous
forests is located in the Central and Western
parts of the study area, while the southern
part is dominated by broad-leaved forests,
which confirms the zonal transition on
the Pakhra river (Petrov 1968) from broad-
leaved - coniferous forests to broad-
leaved ones. The latter are represented
by oak, lime-oak and broad-leaved herb
lime forests, often mixed with maple. Oak
forests typically have a constant presence
of Corylus avellana (coverage about 30%)
in the understorey, other shrubs are
rare. In the herb layer there are common
broad-leaved herb species — Galeobdolon
luteum, Aegopodium podagraria, Asarum
europaeum, Carex pilosa, Ajuga reptans,
Geum rivale, Pulmonaria obscura. In lime
forests hazel is less frequent compared
to oak forests in terms of presence cover
(average 8%). Euonymus verrucosa is quite
often occurs in lime forests. The herb cover
is dominated by Carex pilosa, Aegopodium
podagraria, Galeobdolon luteum, Pulmonaria
obscura, rarely — Mercurialis perennis.

South of the Osetr river in the watersheds
in several SPNA the primary broad forests
are composed by oak, lime, maple, elm
and ash, with shrubs (Corylus avellana,
Lonicera xylosteum, Euonymus verrucosa)
with broad-leaved herbs. In addition to
the typical nemoral species here are also
found Corydalis marschalliana, Dentaria
quinquefolia and  Allium ursinum. The
undergrowth of Acer campestre is common
in these forests. On the slopes of the river
valleys the shrubby steppe oak forests with
thorns and cherries occur.

In general, when a fairly arbitrary division
of a nominally> primary and secondary
forests is made, the secondary ones slightly
dominate. The distribution of these two
forest categories by area is presented in
table Eq. (A. 1).

The number of forest species listed in the
Red book of the Moscow region.

The third edition of the Red Data Book of
Moscow region includes 675 species of flora
and fauna which need special protection
measures. This includes 300 objects of flora:
206 species of vascular plants, 25 species
of moss, 3 species of algae, 40 species
of lichens and 26 species of fungi (Red
Data Book 2018). There are more than 400
forest dependent species — among them
representatives of fauna, plants, fungi and
lichens. The distribution of protected forest
species among urban districts varies widely.
It should be taken into account that the
number of such species is related not only
to the degree of preservation of species
diversity in natural communities, including
the rare and protected species, but also
it is directly dependent on biotopic and
consequently cenotic diversity. An example
of this is the representation of the maximum
number of protected forest species in
the Serpukhov urban district (200 taxa),
associated with the presence of complex
pine forests, coniferous — broad-leaved and
broad-leaved forests, wetlands and forest-
steppe communities on the terraces of
the Oka river and species protected within
Prioksko-Terrasny state biosphere reserve.
Good knowledge of protected ecosystems
is also an important factor Eq. (A. 1).

The structure of forest cover (landscape
metrics). The size of weighted average
patch area in urban districts varies from 89.8
ha (Khimki) to 52966 ha (Serebryanye Prudy).
The size of the region's weighted average
patch area is equal to 606.9 ha.

The range of shape index is from 2.06
(Khimki) to 16.57 (Zaraisk). The weighted
average shape index in the region is 3.39.
Urban districts with the most fragmented
forests (according to the shape index)
are  Naro-Fominsky,  Solnechnogorsky,
Shchelkovsky, Pushkinsky, Mytishchi, Istra,
Ruzsky, Krasnogorsk and Odintsovsky. The
most diverse shape index of forest patches
are found in the urban districts Kashira and
Serebryanye Prudy.

*nominally primary community - human influenced in the past, but restored to its most
essential properties (floral composition, storey structure, environmental conditions).
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[solation metric (the shortest distance
between homogeneous forest stands) varies
from 209 m (Zaraisky) to 257 m (Ruzsky). The
smallest isolation is typical for urban districts
of Kolomensky, Lukhovitsky and Serebryanye
Prudy. The largest isolation is typical for the
Istrinsky and Moscow. Weighted average
isolation for the region is 233.5 m.

Pressure - effects of natural and
anthropogenic factors on forest cover

Deforestation and natural disasters.
Forests in the Moscow region are
periodically exposed to natural disasters:
fires, pests, adverse weather conditions
and diseases according to Review of the
forest pathology and sanitary condition of
forests in the Moscow region (2009; 2010).
Wood harvesting practiced by commercial
felling in mature and overmature stands by
sanitary cutting of dead and damaged forest
stands; by clearing forest for construction of
roads, pipelines, and so on. More than half
of the wood volume is currently harvested
through non-commercial fellings (mostly
sanitary clear cuttings). In this regard, the
issue of attributing the factor of "cutting" to
the group of indicators "impact" becomes
controversial, since the main purpose of
cuttings should be aimed at maintaining
the stability of forest ecosystems. In reality,
mainly coniferous forests that have reached
the age of technical maturity are subject to
cutting. And overmature small-leaved trees
are due to implementation difficulties not
harvested, and remain as dying and dead
wood in the forests, worsening their sanitary
condition (Yakubov 2007). However, since
the area of cuttings indirectly reflects the
amount of damaged forests, the table Eq.
(A. 1) gives the area of forest losses for the
period 2001-2012.

Development and recreation. The negative
impact of urban development (both civil
and industrial) is primarily due to the direct
rejection of natural land for economic
needs, resulting in the disturbed continuity
of natural space, destroyed habitats
cenopopulations® of animals and plants.
According to the dynamics of built-up areas

in the urban districts in 1992-2008 (The
Nature 2009), the biggest increase (4-7%)
was through cottage development near the
capital, in the urban districts of the Central
sector of the Moscow region.

Over the past five years since the expansion
of its borders, the population density of
Moscow has not changed, while in the
Moscow region, as in the annexed territories,
it has increased. In New Moscow, the
population density increased by more than
30% (in Novomoskovsk — 37%, in the Troitsky
district — almost 25%). The most significant
growth was observed in the Moskovsky
and  Vnukovsky — municipalities, which
actively built up thanks to its proximity to
the core of the region, the availability of
territorial resources and the development
of transport infrastructure. Less significantly,
the population density increased in the
settlements of Kievsky, Sosenskoye, Troitsk
and Shcherbinka: the population of these
territories increased by 30-50% (Makhrova
and Kirillov 2018).

A relatively new type of anthropogenic
impact on the natural habitats in the region
is the lease of forest areas for recreational
purposes. Leasable areas can be delimited
by very solid fences that impede wildlife
migration. In addition, the list of permitted
construction projects on forest lease plots is
wide and allows to doubt in the longlivety of
the forest in the territory. The most attractive
lease areas are those near Moscow city,
where the proportion of leased forests is
more than 8% of the total forest area in the
urban districts. The total proportion of built-
up land is shown in the table Eq. (A. 1).

The ratio of the human population to
the area of the urban district indirectly
characterizes the recreational pressure on
forest ecosystems and is conventionally
called the total impact on forests Eq. (A. 1).
In the last decade, the overall impact on
forests, through the population density, has
been increasing consistently and in 2018
averaged 347 people/km? (Federal State
Statistics Service 2019).

¢ Cenopopulation — assemblage of individuals of a species within one phytocenosis occupying

a certain habitat.
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Agricultural lands occupy almost 1 449
thousand hectares according to Rosstat in
2008 (1 585 thousand hectares according
to our map of the formation composition),
which is more than a third of the region.
This figure includes abandoned agriculture
fields in the early stages of overgrowth.
The intensity of agricultural land use in the
urban districts of the region can indirectly
be estimated by the area of agricultural land.
The proportion of agricultural land is biggest
in the Southern and South-Eastern parts
of the region, and smaller in the Eastern,
Northern and South-Western parts of the
region Eq. (A. 1).

Environmental pollution is characterized
by the total amount of pollutants from all
stationary sources in 2017 (‘000 tonnes)
(Federal State Statistics Service 2019). The
distribution of the indicator is presented by
urban districts in the table Eq. (A. 1).

Response — measures to maintain forest
biodiversity

The area of SPNA. Intact forest ecosystems
in the Moscow region are now preserved
mainly in SPNA. Totally Federal SPNA
occupy an area of 70.9 thousand hectares,
which is 1.5% of the Moscow region, and
regional SPNA - about 1780 thousand
hectares (3.9% of the Moscow region
(Smirnova and Levitskaya 2018). SPNA
of regional significance are located in all
physiographic provinces in the territory of
the Moscow region. SPNA are represented
in almost all urban districts of the Moscow
region, excluding Khimki and Kashira.
Mainly undisturbed coniferous, deciduous-
coniferous, deciduous and small-leaved
forests are protected within the territory of
246 regional SPNA. The table Eq. (A. 1) shows
the distribution of the ratio of the protected
area of the total area of the urban district.

Over the years since the approval of the
Layout of Development and Location
of Specially Protected Natural Areas in
the Moscow region in 2009, there have
been several important events that led to
changes in this document. In particular,
the boundaries of the city of Moscow were
expanded in 2012, in connection with which

7 regional SPNA located in the annexed
territories were deprived of their protective
status. Several new SPNA with a total area
of about 12.5 hectares are included in the
new edition of the Laouyt (resolution of
the Government of Moscow region from
27.06.2017 No. 535/22 with changes in
28.01.2019). 20 new SPNA of previously
planned are created during 2009 to 2019.

As a result of the planned reforms, including
the creation of several large natural parks,
the area of SPNA of regional importance
will increase significantly: in the future 2020,
together with Federal SPNA, it will occupy
about 15.5% of the territory of the Moscow
region.

Reforestation is a system of forest
management activities that contributes to
maintain sustainable forest management,
especially for areas with active anthropogenic
transformation of the natural environment.
According to official statements (Federal
State Statistics Service 2019), the forest
cover increased with 53 000 ha from 2000
to 2009 (Levitskaya and Chernenkova 2012).
An independent reforestation assessment
based on remote sensing shows an increase
of 50 000 ha from 2000 to 2009. Data from our
study are generally consistent with the official
statistics, and difference can be explained
by unsufficient regeneration measures and,
consequently, not full survival rate. At the
same time, natural afforestation of meadows
and arable lands tripled in recent decades,
while the area of cropland decreased to half
(Federal State Statistics Service 2019). On the
first of January 2009, there were 288 thousand
hectares of croplands in the region.

The highest rates of reforestation are
observed in the urban districts of Dmitrovsky,
Klin, Mozhaisk and Shatura (3.9 - 5.5 thousand
hectares for the period 2000-2012). The urban
districtsreforestation areas for the period
2001-2012 are reflected in table A. 1.

Integrated estimation

The integrated assessment of the state of
forests in the urban districts of the Moscow
region was carried out according to the
following indicators: forest area, proportion of
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forest area in the urban district, the proportion
of forest area that is nominally primary,
weighted average indices: patch area, shape
index and isolation.

Within the boundaries of the urban districts
in the region, five classes of forest condition
are allocated according to their ecological
value, where 5 corresponds to the maximum
ecologicalvalueand 1isthe valueforminimum
ecological value. Urban districts with the
most valuable forests are concentrated on
the North and East of the Moscow region.
Egoryevsk, Shatura and Taldomsky have a
maximum score of 5. Klin, Sergiev Posadsky
and Dmitrovsky districts have a score of 4 (Fig.
3). The most disturbed (highly fragmented,
small in area and represented by long-term
small-leaved plantations) are forests of
forest-steppe subzone and crop production
— Zaraysk, Kashira, Serebrianye Prudy and
Lukhovitsky. The unsatisfactory state is typical
for urban districts adjacent to the axes of the
South-Eastern transport corridors — Ryazan
and Kashira roads — probably due to active
urban development in the last decade. To
this group the West-North-West part of the
region — Volokolamsky, Lotoshinsky and

Scores of state
- 1 - significantly disturbed
: 2 - disturbed

[ 3- average state

- 4 - good state

- 5 - most valuable

Shakhovskaya districts — historically the zone
of meat and dairy cattle breeding.

"New Moscow" (# 40), as seen from the
map (Fig. 3), has indicators of the integrated
environmental value of forest cover which
means quite good state of forest.

Pressure

The assessment of anthropogenic pressure on
the forests was carried out by the following
indicators: amount of pollutants released into
the environment; recreational pressure; the
proportion of built-up land; the proportion of
farmland; loss of forest. 5 classes of intensity
of pressure are allocated (Fig. 4), where 5
corresponds to the maximum forest pressure
and 1 is the value for minimum pressure.

The most unfavorable situation is in urban
districts of Lyubertsy, Khimki and Voskresensk.
In Lyubertsy and Khimki the highest pressure
factor is from the high population density
for the region (about 2500 people/km?).
In Voskresensky district the reason for the
high pressure is due to very high emissions
of pollutants from chemical industry (653

1 Balashiha 11 Klin

2 Bogorodsky 12 Kolomensky

3 Volokolamsky 13 Krasnogorsk
4 Voskresensky 14 Leninsky

5 Dmitrovsky 15 Lotoshinsky

6 Domodedovo 16 Luhovitcky

7 Egoryevsk 17 Liubertsy

8 Zaraisk 18 Mozhaisk

9 Istra 19 Mytishchi
10 Kashira 20 Naro-Fominsky

21 Odintsovsky

22 Ozery

23 Orehovo-Zuevo
24 Pavlovskii Posad
25 Podolsk

26 Pushkinsky

27 Ramensky

28 Ruzsky

29 Sergievo-Posadsky
30 Serebrianye Prudy
31 Serpukhov

32 Solnechnogorsky
33 Stupino

34 Taldomsky

35 Khimki

36 Chekhov

37 Shatura

38 Shakhovskaya

39 Shchelkovsky

40 Moscow

Fig. 3. Distribution of forest State indicators in the urban districts of the Moscow
region
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thousand tons). In the East — South-East part
of the region (Lukhovitsky, Orekhovo-Zuyevo,
and Shatura) the pressure is mainly due to
significant losses of forest resources (10-
15 thousand. ha for the period 2001-2012),
which was probably caused by drought and
fires in 2010, which were especially strong in
this region. The lowest pressure is found in the
Dmitrovsky districtand in "New Moscow" (only
the loss of forests was considered). Despite
the increasing pressure on the ecosystems of
the New Moscow in recent years (the growth
of multi-storey and cottage housing, as well as
a intensive road constructions), the "Pressure”
indicator does not have the expected high
value due to the fact that the territory of
New Moscow stretches far in the South-West
direction up to the borders with the Kaluga
region. In general, most of the urban districts
are exposed to medium or below average
level of anthropogenic pressure.

Response

The response criterion contains information
on the increase in forest area and presence
of SPNA in urban districts (total area of
SPNA, their number and the proportion of
the total area). 5 classes of response were
allocated (Fig. 5), where 5 corresponds to the

Scores of pressure
- 1 - very low
[ 2-10w

- 3 - average

[ | 4-nigh

[ 5- highest

highest response and 1 is the value for lowest
response. Best response to pressure is found
in Shatura district where almost close-to-
maximum values are observed in all response
indicators (more than 5 thousand hectares of
the territory are reforested in 2001-2012, the
highest area of SPNA (47 objects, which make
up almost 20% of the urban district). Remote
North-West urban districts have average or
above average response scores: there are
many active affoforestation processes and big
area of SPNA.

Districts located near Moscow and within the
strip to the South-East are characterized by
the lowest level of response due to the small
area of SPNA and little reforestation activities.
One of the reasons for the little afforestation in
this zone is the favorable cropping conditions,
and thus less common to see abandoned
agriculture fields. The area with high level of
response is 5 times smaller than the area with
low response.

Criteria interconnection

With the diversity and interaction of external
factors affecting forest ecosystems in the
region, itisimportanttoassess the significance
of their impact on the quality of forest cover.

1 Balashiha 11 Klin

2 Bogorodsky 12 Kol

3 Volokolamsk 13 K

4 Voskresensky 14 Leninsky

5 Dmitrovsky 15 Lotoshinsky
6 Domodedovo 16 Luhovitcky
7 Egoryevsk 17 Liubertsy

8 Zaraisk 18 Mozhaisk

9 Istra 19 Mytishchi

© 10 Kashira 20 Naro-Fominsky
21 Odintsovsky

22 Ozery

23 Orehovo-Zuevo
24 Pavlovskii Posad
25 Podolsk

26 Pushkinsky

27 Ramensky

28 Ruzsky

29 Sergievo-Posadsky
30 Serebrianye Prudy
31 Serpukhov

32 Solnechnogorsky
33 Stupino

34 Taldomsky

35 Khimki

36 Chekhov

37 Shatura

38 Shakhovskaya
39 Shchelkovsky

40 Moscow

Fig. 4. Distribution of forest Pressure indicators in the urban districts of the Moscow
region
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Score of response
- 1 - very low

[ ]2-10w

[ 3- average
[T 4-nigh

I 5 - highest

1 Balashiha 11 Klin

2 Bogorodsky 12 Kol

3 Volokolamsky 13 Ki I

4 Voskresensky 14 Leninsky

5 Dmitrovsky 15 Lotoshinsky

6 Domodedovo 16 Luhovitcky

7 Egoryevsk 17 Liubertsy

8 Zaraisk 18 Mozhaisk

9 Istra 19 Mytishchi

10 Kashira 20 Naro-Fominsky

21 Odintsovsky

22 Ozery

23 Orehovo-Zuevo
24 Pavlovskii Posad
25 Podolsk

26 Pushkinsky

27 Ramensky

28 Ruzsky

29 Sergievo-Posadsky
30 Serebrianye Prudy
31 Serpukhov

32 Solnechnogorsky
33 Stupino

34 Taldomsky

35 Khimki

36 Chekhov

37 Shatura

38 Shakhovskaya

39 Shchelkovsky

40 Moscow

Fig. 5. Distribution of forest Response indicators in the urban districts of the Moscow
region

To this purpose, the relationship between the
main indicators of forest condition, pressure
and response (Table 2) is considered. Pair
correlations are calculated to assess the
relationship between different criteria. Since
not all distributions are normal according to
the Kolmogorov-Smirnov criterion (the state
and pressure criteria are rank type due to the
nature of the measured parameters), Pearson

and non pararametric Spearman correlations
are used.

According to two correlation criteria, a
significant relationship is observed between
the state and response criteria (positive)
and state and pressure (negative). The
relationship between pressure and response
is weak, unreliable, and has a negative sign.

Table 2. Pearson correlation coefficient and Spearman r between indicators of state,
pressure and response

Pearson correlation Spearman r
Pressure | State | Response | Pressure | State | Response

Correlation 1.0 -0339% | -0.219 1.0 -0.394** | -0.270*
Pressure

Significance 0.016 0.087 0.006 0.046

Correlation 1.0 0.692** 1.0 0.687**

State

Significance 0.000 0.0

Correlation 1.0 1.0
Response

Significance

* —significance level 0.05;
** —significance level 0.01
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Integrated evaluation of the three groups

classes and relationship of three groups of

o of criteria criteria are presented in Table 3 and Figure 6.
o
(o]
< || To rank urban districts according to the  The calculated scores of the three criteria
e nature of the pressure, state and response  and the assignment to one of the 5 classes
ratio, the classification of administrative units ~ are given in Table 4.
was performed by the K-means method. Five
v Table 3. Classes of urban districts by three criteria
(]
9‘_0 P-S-R class Pressure State Response Description
: 083 038 011 Low pressure. Average levels of
state and response.
5 051 018 0.06 Minimum pressure. Satisfactory
state and response
Class 3 036 045 016 Average pressure. Highest level
center of state and response
4 029 065 0.5 Low pressure. Average levels of
state and response.
5 0.55 083 0.86 Minimum pressure. Satisfactory
state and response

Integral score

P 1 - very low

|:]2-IW

-3-average \‘” -
[ 4- high L
I 5 - highest o

1 Balashiha 11 Klin
2 Bogorodsky 12
3 Volokol 13 Krasnog
4 Voskresensky 14 Leninsky
5 Dmitrovsky 15 Lotoshinsky
6 D ded 16 Luhovitck
7 Egoryevsk 17 Liubertsy
8 Zaraisk 18 Mozhaisk
9 Istra 19 Mytishchi
110 Kashira 20 Naro-Fominsky

21 Odintsovsky

22 Ozery

23 Orehovo-Zuevo
24 Pavlovskii Posad
25 Podolsk

26 Pushkinsky

27 Ramensky

28 Ruzsky

29 Sergievo-Posadsky
30 Serebrianye Prudy
31 Serpukhov

32 Solnechnogorsky
33 Stupino

34 Taldomsky

35 Khimki

36 Chekhov

37 Shatura

38 Shakhovskaya

39 Shchelkovsky

40 Moscow

Fig. 6. Distribution of integrated forest scores in the urban districts of the Moscow
region
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Table 4. Urban districts ranking by three criteria

Criteria
Urban districts Class
Pressure State Response

Balashiha 047 0.38 0.14 3
Bogorodsky 047 042 0.10 3
Volokolamsky 047 0.38 038 3
Voskresensky 0.94 0.26 0.1 1
Dmitrovsky 0.16 0.63 049 4
Domodedovo 043 0.28 0.02 2
Egoryevsk 048 0.81 0.72 5
Zaraisk 047 0.08 0.05 2
Istra 0.29 046 0.27 3
Kashira 0.71 0.02 0.02 2
Klin 0.37 0.66 0.59 4
Kolomensky 045 0.44 0.10 3
Krasnogorsk 0.55 0.32 0.04 2
Leninsky 0.49 0.26 0.01 2
Lotoshinsky 0.29 039 0.60 4
Lukhovitsky 0.63 0.11 0.22 2
Liubertsy 0.85 035 0.00 1
Mozhaisk 0.26 0.59 0.59 4
Mytishchi 0.36 042 0.12 3
Naro-Fominsky 040 0.51 0.19 3
Odintsovsky 0.73 0.53 0.14 1
Ozery 0.36 048 0.08 3
Orehovo-Zuevo 0.70 0.58 0.25 1
Pavlovskii Posad 035 041 0.12 3
Podolsk 0.38 0.21 0.03 2
Pushkinsky 032 045 0.07 3
Ramensky 0.51 0.32 0.07 2
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Ruzsky 049 0.50 0.31 3
Sergievo-Posadsky 0.39 061 0.38 4
Serebrianye Prudy 041 0.00 0.11 2

Serpukhov 0.26 046 032 3
Solnechnogorsky 0.55 0.50 0.19 3
Stupino 0.25 0.51 0.09 3
Taldomsky 0.25 1.00 047 4
Khimki 1.00 0.18 0.00 1
Chekhov 0.25 042 0.05 3
Shatura 061 0.85 1.00 5
Shakhovskaya 0.74 0.39 0.17 ]
Shchelkovsky 041 0.46 0.09 3
Moscow 0.40 0.51 0.16 3

In fact, the most optimal ratio of criteria
is observed only in two urban districts
- Egoryevsk and Shatura. Due to the
remoteness and low pressure of the
forest in the North and partly in the
West — Dmitrovsky, Klin, Sergiev Posad,
Taldom, Mozhaisk, and Lotoshinsky — are
characterized by good integrated indicators,
but for them there is already a decrease in
the criteria of condition and response.

Separately, districts with the worst indicator
values deserve attention. Among them
there are adjacent to the Moscow district,
Khimki, Liubertsy and Odintsovo, but also
those in considerable distance to Moscow -
Shakhovskaya and Orekhovo-Zuyevo.

In addition, unsatisfactory forest ranking
is observed in other districts adjacent
to Moscow - Krasnogorsk, Leninsky,
Domodedovo, Podolsk and Ramensky. In
the South similar forest ranking is obtained
for Zaraysk, Kashira, Lukhovitsy and
Serebrianye Prudy.

Drawing up the ratio of indicators in the
form of a matrix of pressures and the state
of forest ecosystems gives an idea of the
forest distribution in the urban districts

of the region, according to their state
(environmental value), depending on the
total pressure (Table 5). The districts with
the most valuable forest ecosystems are
located in the upper right corner of the
matrix. It is in such forests that conditions
are created for the preservation and
functioning of intact forest ecosystems.
The lower right corner of the matrix is
occupied by Yegoryevsk and Shatura,
whose forest ecosystems are characterized
by high value and at the same time
experience high anthropogenic pressures.
In the lower left corner of the matrix there
are districts, whose forests are subject
to high anthropogenic pressures and
severely damaged — Kashira, Lukhovitsky,
Shakhovskaya, and Voskresensky.

Analyzing the matrix of correlation
between the state of forest ecosystems
and indicators of response (Table 6), it is
possible to assess the effectiveness of the
system of protection of natural areas and
the need for other measures to maintain
forest biodiversity in the urban districts of
the Moscow region. In particular, in Sergiev
Posad, located in the upper right corner of
the matrix, where it is necessary to create
new SPNA.
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Table 5. Matrix of pressure and state of forest ecosystems in the urban districts of the
Moscow region

State
Pressure | ciyni
Slgnlﬁcantly Disturbed Average state Good state | Most valuable
disturbed
Very low Dmitrovskii
Istra
Mozhaisk
Mytishchi
Moscow
. Naro-Fominskii Klin
Lotoshinsky . .
Low Podolsk Ozery Sergievo- Taldomskii
Pavlovskii Posad Posadskii
Pushkinskii
Serpuhov
Stupino
Chehov
Balashiha N
) Volokolamskii BOgOFOdSkI.I.
Zaraisk Kolomenskii
. Domodedovo N
Average | Serebrianye Krasnodorsk Ruzskii Egorevsk
Prudy ogor Solnechnogorskii
Leninskii .
N Shchelkovskii
Ramenskii
) Kashira . Odintcovskii
High Lukhovitcky Shahovskaia Orehovo-Zuevo Shatura
) Voskresenskii
Highest Liubertcy

Reforestation activities are required in
urban districts located in the upper left
corner ofthe matrix. This is a fairly extensive
list - urban district Zaraysk, Serebrianye
Prudy, Kashira, Khimki, Podolsk, Balashikha,
Domodedovo,  Krasnogorsk, — Leninsky,
Ramensky, Shakhovskaya, Voskresensky,
Lyubertsy and Lukhovitsky.

The system of SPNA effectively protects
forest ecosystems in the urban districts
of Dmitrov, Taldomsky, Klin, Yegoryevsk,
and Shatura. These urban districts can be
considered as model references.

To improve and maintain a proper quality
of forest cover, the total area of SPNA
should be increased in different natural
provinces of the region, including large
Natural parks in the West, North and East

of the region. This includes also effective
management of SPNA. Consolidation
of existing SPNA and their component
clusters, the identification of valuable
forest communities and the creation
of new SPNA, the organization of a
network of ecological corridors, the real
protection in the territory of zakazniks
and nature monuments are also needed.
It is not recommended to create high-
density monocultures in SPNA during
reforestation, and in existing middle-age
plantations regular thinning is necessary
for the introduction of other tree species,
both small-leaved and broad-leaved. It
is also recommended to identify areas
where natural reforestation is preferable.
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CONCLUSION

The assessment of current typological
diversity of forests in the Moscow region and
the territory of "New Moscow" on the basis
of a joint analysis of both field- and remote
sensing data is performed. As a result of
the classification of forest vegetation of the
study area, 18 syntaxons were allocated at
the level of the formation composition of
forests. An integrated assessment of the
state of forest in the Moscow region and
the territory of "New Moscow" using main
forest management criteria and indicators,
as well as the calculation of the dependence
of indicators on different types of pressures
for urban districts of the region carried
out. The analysis of the efficiency of the
existing system of SPNA and the process of
reforestation in relation to the preservation
of forest biodiversity in urban districts of the
region is also performed.

It is shown that only two urban districts
of the Moscow region have a balanced
combination of state, pressures and
response — Shatursky and Yegoryevsky.
Another  six  districts, with  minimal
pressures, lack measures — reforestation and
protection — to maintain forest biodiversity
(the "response" criterion). These include
Dmitrov, Klin, Lotoshinskiy, Mozhaisk,
Sergiev Posad, and Taldomsky. The lack of
response measures is observed not only
for urban districts adjacent to Moscow, but
also towards the West, East and especially
the South of the region - Voskresensky,
Shakhovskaya, Orekhovo-Zuevsky, Zaraysk,
Kashira, lukhovitsky and Serebrianye Prudy.

The nature of the relationship between three
forest management criteria was assessed.
Positive relationship revealed between the
indicators of "state" and "response", which
shows up the trend of the conservation and
rehabilitation of forests in forest-rich urban
districts, while the most deforested regions
are experiencing a shortage of measures for
the protection of forests. This is confirmed
by the nature of the relationship between
pressure and response — weak negative and
unreliable. A third set of criteria — the "state"
and "pressure" is negatively connected. In
fact, all three of the relationship suggests

that the most valuable and intact forest
areas have a minimum pressure and are
secured by a network of SPNA and active
process of forest regeneration. On the other
hand, urban districts, whose forests are most
fragmented and depleted, receive minimal
conservation and reforestation support,
and at the same time the burden on them
obviously increases due to the pace of urban
development and expansion of agricultural
land. This fact shows a long-term imbalance
in the management of forests and natural
areas of the Moscow region. Among the
likely short-term consequences there are the
transition of forests from a state of natural
forest to a more park-like state, which leads
to the loss of natural stability and the ability
of being sustained. This lead to an increase
in the cost of their maintenance, which has
to be paid by urban district budgets.

Itis shown that ajoint integrated assessment
of the ecological value of the territory and an
integrated assessment of the impact factors
can be effective tool for decision support
systems at the regional level. A characteristic
feature of such system, built on the matrix of
scores combination— neutralization of short-
term market factors and focus on medium-
and long-term planning of steps to manage
the natural areas of a large region.

Assessment of factors of natural and
anthropogenic impact, as well as their
mutual combinations, there should be
the main component of the regulatory
measures on the environment with the
justification of a maximum allowable value
of the impact. However, due to far-from-
complete elaboration of the relationship
between definition of optimal ecological
state of complex ecosystems and the
allowable anthropogenic impact on them, it
is hard to talk about finding the maximum
allowable pressure loads (Yakovlev and
Evdokimov 2011).

In the situation of multifactor impact on
natural ecosystems the solution of this
problem becomes much more complicated.
In addition, there is no clear relationship
between the degree of exposure to
external factors and changes in biodiversity
parameters.  Moreover, examples  of
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increasing parameters of diversity in
conditions  of anthropogenic  impact
through allogeneic community’s shifts were
often recorded (Trubina and Vorobeychik
2012; Hansen et al. 1991; Ruotsalainen and
Kozlov 2006; Zvereva et al. 2008; Diamond
1975; Ovaskainen 2002). Thus, within the
framework of this study it is not possible
to give a quantitative assessment of the
maximum allowable pressure on forest
ecosystems in the Moscow region without
the developed criteria of the maximum
allowable impact and the optimal state.
The assessment of individual impact factors
and their integrated values is a necessary

step along the way. Therefore, an integrated
assessment of the main factors impacting
the forest in the region and an aggregation
of these using the method of scoring is
recommended.
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INTRODUCTION

Greater polarization of society, growing
social tension, and emerging territorial
segregation have become crucial effects of
Post-Soviet economic transformations in
Russia in terms of intracity development. The
development of Soviet cities based on the
aspiration of unifying the space gave way to
the development of cities under the market
economy, significantly affected by the cost
of urban land and real estate. Having first
shown in the capital which is at the moment
a "modernization outpost’, a number of
relatively new to Russia social and economic
processes (territorial segregation of society,
emerging ethnic quarters, gentrification
of the center) have started to develop in
the cities. This necessitates studying the
transforming quality of urban environment in
Moscow in order to foresee the development
of other cities in the country. The Post-Soviet
Moscow has experienced the period of
structuring of the space, sharp polarization
of the urban environment, new functions of
many districts appearing (Vendina 1996).

Research  of intracity differences in
environmental quality is extremely relevant
now and have significant applied value,
first of all, in the context of studying trends
in the development of real estate market
and city lands, analyzing the best options
of using city land plots, identifying problem
urban areas and designing programs for their
development. The environmental situation is
a crucial component of urban environmental
quality. The urbanized areas are the ones of
deeply changed nature. High concentration
of various activities in cities disrupts the
dynamic balance in nature and deteriorates
the ecological living conditions of people.

Vehicles have become the leading source of
air pollution over the past decades: transport
emissions exceed 50% of gross pollution
in half of the regions and in three forth of
the cities (Bityukova 2019). Atmospheric
emissions from mobile sources account
for 44.7% in Russia (2017) and over 93% in
Moscow (980 thousand tons, an absolute
maximum for Russian cities and regions).
Vehicles are the source of highly toxic
substances, emissions are localized and they

form areas of high pollution density. However,
transport is perceived by the population
as a mobility factor, rather than a pollution
factor and does not affect real estate prices
(Bityukova, Makhrova, Sokolova 2007).

RELATED RESEARCH

The research of vehicle problems in the cities
is at the intersection of social and natural
sciences: geography, sociology, history,
ecology, demography, and economics. Most
of the environmental transport researches
are devoted to technical aspects, ie.
improvement of cleaning system methods,
reburning and fuel quality.

Socio-political aspects of development
of communications, legal framework and
social interpretation are generally viewed
in the context of traffic flow optimization in
the cities and agglomerations. Modelling
of planning systems and assessing of the
necessary level of development for roads
and streets network in the cities always
emphasize a special connection between
transport  system  development  and
economic and social development (The
concept of assessing 2016) with a specific
demonstration of the changing role of the
city centre falling into decay as city transport
started to use long-distance highways which
led to the formation of suburbs (case studies
of Chicago, Detroit, Los Angeles) (Vuchik
2011). The Soviet town-planning practice, on
the contrary, would form transport systems
founded on the priority of public transport
(Blinkin, Koncheva 2016).

The strategies of transport accessibility based
on the assessment of direct and indirect costs
with various planning goals, such as greater
safety, unity of community, and environment
protection provide maximum overall benefits
(Isalou, Litman, Shahmoradi 2014). However,
it is admitted that the state alone is able to
implement a solution to transport problems
of large cities in the context of Cost and
Benefit Analysis and based on the need
to internalize the outer effects of vehicles
(Hovavko 2012). The monetized estimates of
external and internal effects from transport
show that in Moscow just as in US cities
(Litman T. 2002) main potential damage is
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connected with economic losses due to
traffic jams (about 40 billion rub/year) while
damage from air pollution, waste and water
resources accounts for 15 billion rub/year
(Kichendzhi, Katoyama 2011). Therefore,
various political and planning reforms are
needed, they can help both to increase cost
efficiency, justice and to improve ecological
situation since a car stuck in a traffic jam emits
an average of 30% more pollutants.

Studies of environmental problems of
transport are considered in various aspects:

- The impact of noise and pollution on
people's health was studied, also health risk
assessment for the population connected
with  functioning of vehicles facilities
(Yakushev, Kurolap, Karpovich 2013). Special
attention is paid to the impact analysis of
solid particles, it is proved that up to 400
million people live under the pronounced
impact of PM, transport being a key source of
pollution (Revich 2018);

- Impact assessment for individual types
of pollution was shown, especially for
solid particles, in particular, the correlation
coefficient between traffic intensity and
concentrations of PM10 and PM2.5 are 0.36
and 0.39 respectively based on Tom-Tom
index (Http://www.tomtom.com/en_gb/
trafficindex) (Azarov, Kutenev, Stepanov 2012;
Parsaev, Malyugin, Teterina 2018);

- Various environmental and geochemical
researches were carried out, for example,
salinization, pollution with heavy metals and
metalloids near highways with various traffic
intensity and in the courtyards with parking.
All of them have demonstrated a rather
uniform pollution of soils and of individual
environments (Kosheleva, et al. 2018).

There is a large number of models of
distribution and diffusion of emissions from
mobile sources. However, there are almost
no science works that would consider
transformation of territorial structure of
emissions from vehicles (Revich, Kuznetsova
2018).

Territorialstructureofpollutionisasetof orderly
structured and interconnected elements

making an impact on the environment with
inherent spatial coordination and symbiotic
relations between them and with other
structures — industry, environment, and
settlements. Centers of impact with specific
types and levels constitute elements of
the structure, while impact areas form the
network of relations. The territorial structure
of pollution has significant methodical
value since it is the proximity of areas of
anthropogenic impact (Al) to certain natural
complexes and population that creates a
specific interaction which, at the extreme,
turns into a conflict. Both the persistence
of Al sources and the variability of areas
cause changes in territorial proportions
of pollution. Actual areas of impact were
identified and used to calculate pollution
density and to zone regions and cities, laying
the basis for methodical developments in
this work.

MATERIALS AND METHODS

Themainproblemintheresearchofchanging
territorial structure of vehicle pollution in
Moscow is the development of a unified
technique allowing to carry out the analysis
of serial observations of transformations in
traffic intensity, transport infrastructure and
spatial patterns in Moscow transport. Since
it is difficult to select one specific indicator
reflecting the level of environmental stress
to identify territorial differentiation of
vehicle air pollution, the method of areas
was applied (Bityukova 2019). The density of
harmful emissions (CO, SO,,NO,, C,NH,, CH,,
volatile organic compounds (VOC) other
than methane (CH,) man-made emissions
only) (tons/sq.km per vyear) indicator is
calculated for each street and areas with
various density of atmospheric emissions
are detected in order to assess atmospheric
pollution within areas.

There were several steps of the research:

Traffic intensity assessment. A proprietary
technique is used to assess the transport
load allowing to calculate the intensity
for motorways sections without direct
measurements of the passing transport.
The systems of transport monitoring in
Moscow are widely used and problem of
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the availability of these data has occurred
a long time ago. Real-time monitoring and
machine learning methods would make it
possible to estimate environmental stress
similarly to services of traffic congestion,
e.g. Yandex.Probki. Currently, due to limited
access to such systems, open data of Google
and OSM cartographic services are used.
Transport intensity calculation is based on
the formula:
vV, l+P

K2I+DX"

units/hour,

where:

V. —average daily speed of traffic flow, m/sec
(based on Google geographic information
system);

t — duration of allowing signal of traffic light,
sec,;

P — number of allowing signal cycles per 60
minutes, units;

n — number of lanes for a specific section
pbased on OSM AP!:

k. — coefficient of distance from the road
section to the city centre;

k — coefficient of the motor way class and
the value of connectivity of the road section;
2/ + D - dynamic gauge — a minimum
section of the road in meters required for
safe movement in the traffic flow with
the assigned speed (dynamic gauge) that
includes the doubled average length of
the vehicle and ‘"effective distance’, ie.
recommended minimum distance between
moving cars in meters. Naturally, in reality
high traffic intensity during rush hours does
not allow this distance to be observed,
while low intensity does not provide for
the adequate number of moving cars for it
to occur. Therefore, this condition is most
relevant for the period which is characterized
by traffic intensity close to its average daily
value.

Reliable modelling of traffic load for roads
of minimum and intraquarter significance is
difficult which constitutes a disadvantage of
this technique.

Calculation of atmospheric emissions.
Running exhaust emissions from vehicles
have reduced by 6 grams per km over the
five years (2011-2017) and constitute 21

grams per km now (State Standard (GOST)
56162-2014, 2014).

Pollutant emission (g/sec) of moving
vehicles flow on a motor way (or its section)
with a fixed length of L (km) is determined
by the formula:

LLK
"7 3600

g/sec,
where:

M ;- specific running exhaust emission of
i th harmful substance by K th group of cars

for city service conditions, g/km

K — number of groups of cars;

G,~ average daily traffic intensity, i.e. the car
number of each of K groups passing through
the fixed section of the chosen part of the
motorway per hour in both directions on all
lanes, units/h;

K. — correction factor taking into account
climatic systems of the car, road conditions
and gripping;

T, = correction factor taking into account
average speed of traffic flow (V, km/h) on the
chosen section of the motorway;

1/3600 — conversion coefficient (hours into
seconds);

L — length of the section of the motorway,
km:;

L, - line of cars at a red light and length of
the corresponding zone of the intersection,
km.

'GK' kC.rVKj

L

Calculation of impact areas for vehicles. The
mostimportant proposed method component
is the calculation of the surface area of
pollution. It is necessary to take into account
transport specificity and planning structure of
the studied area which significantly impacts
on territorial distribution of emission density
around the city. For the most part, the planning
is designed for the traffic of the mid 1980s
and still has not undergone any significant
changes. Therefore, problems connected with
imperfect city planning exacerbate the impact
of pollution from transport.

OND-86 (All-Union regulatory document)
technique is quite suitable for visualization
and interpretation of results. This technique
identifies the fields of concentration equivalent
to maximum allowable concentration — fields
of concentration (fig. 1).
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Distribution of pollution by
surface concentrations of CO
(proportion of maximum permissible
concentrations)

] Max: 0,6
" Min: 0,01

Fig. 1. An example of calculated area of pollution by surface concentrations
of CO formed by automobile transport, exceeding the maximum permissible
concentrations

Impact area forhighways with trafficintensity
of 10 thousand cars per day accounts for up
to 400 meters, with the gas contamination
and dust content showing up at a distance
of up to 1-2 km downwind from the route
in dry and clear weather. A persistent area of
chemical impact (radius of 400 m) which is
shown in continuously exceeded maximum
allowable concentration is formed by large
highways with traffic intensity of about 50
thousand cars per day.

Calculated data of specific running exhaust
emissions of harmful substances for vehicles
of various ecological classes and types of
engine based on the fuel consumed is
used to reflect emissions from different
cars. These indicators are coincided with
the current EMEP air pollutant emission
inventory guidebook taking into account
specific features of the structure and modes
of vehicle movement.

Spatial impacts of traffic flows in the context
of urban development is calculated as the
product of the length of the road section
multiplied by the impact area size (in sq.km).
Thus, the impact area of vehicles flows (S)
is calculated as the sum of products of the
area of a rectangle (one side is equal to the
length of the impact area interval (L), the
other one is equal to the impact area (2r))
and the circle with the radius equal to the
impact radius of r.

P=(V+L+365°K)/(L22)

where

P — total value of emission density for
vehicles flow in its impact area;

L,—length of the calculated transport section
(km);

V. —a car traffic in the calculated section;

r — impact radius for vehicles flow on the
adjacent territory (km);
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K — emission volume for one car per 1 km
per year (i.e. motor emission volume per year
divided by total mileage for the whole city).
Thus, the coefficient of impact for vehicle
flows on the adjacent territory allowed
defining and describing the total index
of density of vehicle emission for the
researched areas, the total number of which,
as we allocated, was more than 93 thousand.

RESULTS AND DISCUSSION

Dynamics of air pollution from vehicles and
its territorial proportions is the result of both
transformationaland inheritedfactors. Among
the transformational factors are the intensify,
for example the number of automobiles and
the reduction of the anthropogenic impact
such as fuels and engine improvement.
Inherited conditions of development play a
great role in the formation of areas with high
emission density from vehicles: the planning
structure, road network connectivity, the
width of the roads, a number of bridges,
relief features, the green belt and so on.

Impact level factors include the inherited
technical quality of domestic cars. However,
the majority of inherited development
aspects boil down to motor emission
distribution across the territory: the terrain,
planning structure, bridges, road width,
topology of the road network, low
connectivity of the network, increased role
of transit functions, etc.

The analysis of possible dependence
of emissions volumes on vehicles and
its dynamics showed that none of the
indicators can be included in the equation
of multiple linear regression. There are two
main reasons for the absence of correlation
between them. First, the static nature of
the initial variables estimating only the
registered population and the size of vehicle
fleet. At the same time, the actual population
and vehicle fleet are much more important
for modern large cities with their strong
daily, weekly and seasonal rhythmic. The use
of indicators of the registered population
and vehicle fleet lead to significant
underestimation for the central districts
of the city and possible overestimation for
residential areas in the daytime. Second,

the various nature of independent and
dependent parameters. The population,
vehicle fleet size, parameters of planning
structure of the territory, the housing stock
are endogenous characteristics of the
respective municipal districts. The emissions
from vehicles today are much stronger
connected with conditionally exogenous
characteristics — first of all with transport
geographical location, transit intensity of
the district, capacity of the main highways
crossing the district.

Since there are two groups of opposite
factors, exacerbating air pollution and
reducing it, no clear impact of the growing
automobilization is observed. This trend had
already been detected for Moscow earlier
(Bityukova, 2008). Growing automobilization
level became an important characteristic of
the Post-Soviet period, Moscow became a
leader in this process (second after Primorye
and Sakhalin). Today Moscow concentrates
10% of the Russian vehicle fleet, over 4
million cars. Maximum annual increase in the
number of cars (19.1%) was observed in the
early 1990s, then the situation was more or
less stable until the growth started to slow
down in 1996. 2011-2013 saw an average
annual decrease in vehicle fleet increase
rates of 2-5% reflecting market saturation,
and due to the fall in real income personal
vehicle fleet reduced by 8%, and vehicle fleet
of organizations by 6% after 2014 (fig. 2).

Until the mid-1980s atmospheric emission
volume was growing at about the same rate
as the automobilization level. Since 1986,
with the vehicle fleet still growing, emission
volume has started to decrease as the result
of the introduction of the first exhaust
control measures and measurements.

1990-1991 saw insignificant changes in the
level of automobilization, but significant
changes in the volume of emissions,
a growth of 12%, which is, most likely,
connected with a new pollution accounting
technique. Until 1996 correlation coefficient
between the level of automobilization and
dynamics of emissions was still statistically
significant (0.61), though slightly decreased
by a cumulative effect of positive factors.
Used cars prevailed in the structure of
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Fig. 2. Changes in the automobilization level in Moscow 1990-2017 (Main indicators,
Transport in Russia, Demographic Yearbook)

growth during this period, high growth rates
of the Moscow vehicle fleet did not affect the
overall trend of its fast aging, and, therefore,
the increase in specific emissions. 77% of
cars in the structure of vehicle fleet had
been used for more than 9 years. Therefore,
34% of the cars checked in 1998 were faulty
based on emission indicators (Department
of nature management and... 2002). Still
in the context of the overall growth in the
number of cars with petrol engines by 5%,
consumption of gasoline reduced by 15% in
1999 demonstrating a decrease in specific
fuel consumption.

Amidst economic growth and booming
incomes of the population, the rapid growth
of automobilization was in many respects
guaranteed at the expense of quality cars.
Construction of roads and reconstruction
of transport network began (1997-2006),
the correlation coefficient between the
growing number of cars and atmospheric
emission volume, for the first time, became
statistically insignificant — 042, and at the
present stage it is negative. 2009 to 2017
saw gross emission from mobile sources of
pollution reduced by nearly 400 thousand
tons (from 1342 to 982.4 thousand tons). At
the same time the share of emissions from

mobile sources also reduced by 2 pp which
could be a result of a statistical error since
there was no growth of industrial production
volume during the specified period.

The mostimportant changes in the structure
of influencing factors occurred during the
post-industrial period of development of
Moscow. While during the Soviet period
despite the low level of automobilization
and, as a result, low traffic intensity, the
correlation coefficient between the growing
automobilization and changing atmospheric
emission level was 0.65, now the value of the
correlation coefficient is decreasing to 0.13.
According to FTS, the number of the
registered privately owned vehicles per
1000 citizens varies 4 times by the districts
of Moscow: 500-900 cars /1000 citizens
are registered in the north and northwest
of the capital; 380-500 are registered in
the central districts, in the south and the
southeast. However, interdistrict distinctions
based on the total number of the registered
cars are much higher, exceeding 25 times.
Even given possible divergence between
the registered and used cars, such a high
level of concentration should be taken
into consideration when planning parking
spaces, outflows, etc.
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Changes in the structure of the vehicle fleet
have a complex and divergent nature. Along
with the growing automobilization, Moscow
witnesses an intensive implementation of
higher ecological classes (EC) of the engine
(approximately 2-3% per year) and a declining
share of trucks (approximately twofold
reduction in  1991-2006) that promote
improvement of ecological parameters of
vehicles. It is also connected with stricter
requirements to environmental standards
of fuel and cars. Changes in the structure of
vehicle fleet also led to better quality of fuel
promoted by the growth in environmentally
oriented demand. At the same time, the
formation of vertically integrated companies
capable of supplying high-quality fuel to
the market provided for investments in
oil processing aimed at the production of
gasoline of better quality. Standards below
Euro-4 (with running exhaust emission, g/
car*km, twice less than for Euro-3 and three
times less than for Euro-2) were banned in
2013, standards below Euro-5 have been
banned since January, 2016. Transition from
motor fuels class 3 to class 4 caused reduction
of emissions of sulphur dioxide by 79%,
benz(a)pyrene by 22.7%, solid substances by
13.5%, nitrogen oxides and carbon oxide each
by 4%. By 2014, up to 50% of motor fuels in
Moscow corresponded to class 5. According
to expert estimates based on the data on age
structure of vehicle fleet by the beginning
of 2014, passenger cars of ecological classes
higher than 4 accounted for 50%, trucks —
30%, buses — 16% (Department of nature
management and... 2017).

But at the same time fuel consumption is not
decreasing quickly enough as the changes
occurring in the structure of vehicle fleet
of Moscow are very specific. The fleet has
more cars with increased fuel consumption
as compared to average Russian values
(according to tax administration). The share
of cars with the engine of 150-250 hp is 3
times higher than on average in the country
and their growth values are maximum (47%
of growth in 2011-2017 and even in recent
years in the context of a 12% reduction of
the fleet, the number of cars with an engine
of 200-250 hp has grown by 12%) (fig. 3).

Thus, divergent trends have become the
most important feature of formation of air
pollution level in Moscow in recent years:
automobilization is growing but pollution
is reducing thanks to better quality of
vehicle fleet and fuel. Periodic adjustments
of emission accounting technique make
it impossible to reveal more pronounced
trends, but relative changes of these
indicators allow to reveal specifics of the
recent years.

However, once the planned level of motor
fuel quality is reached, there will be almost no
reserves to further decrease the emissions.
Improvement of gasoline quality and changes
in the structure of vehicle fleet have reduced
gross and specific (running exhaust emission
has decreased by 4 times) emission from
vehicles. As a result, since 2007 the intensive
growth of vehicle fleet in Moscow has not
been followed by growing volumes of
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Fig. 3. The structure of passenger car fleet of Moscow by engine type (FTS data) a) as
compared to Russia b) Dynamics in 2011-2016
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pollutants. At the same time, there was no
significant decrease in the load on linear
infrastructure, so it is impossible to reveal
a significant improvement in ecological
situation for a number of districts.

Density of the street road network (SRN)
is the most important factor of changes in
ecological situation. Impact of SRN density
is one of the most contradictory factors: on
the one hand, construction of roads creates
new areas of emission, on the other hand,
motor emission volume decreases if there
are no traffic jams which increase running
exhaust emission by 30%, therefore, the
development of road network reduces
motor emission volume (Bityukova, Kasimov,
Vlasov 2011).

Intensive reconstruction of city
transportation routes is a distinctive feature
of the past decade significantly improving
ecological situation in a number of districts.
The reconstruction of MKAD has decreased
emission volume by 76.6 thousand tons/
year, an equivalent of decrease in specific
fuel consumption for each car by 0.4 1/ 100
km, i.e. a transition to a different class of cars.
The most large-scale recent endeavour in
the development of the transport system
of Moscow is the construction of the Third
Ring Road (TRR). TRR has decreased the
polluting emissions by 14.5% by 2000 and
changed the territorial structure. The new
ring road has temporarily lessened the load
on transportation routes of the city centre,
reducing the surface area of areas with the
maximum emission by 1% and with high
emission by 18%.

However, decrease in traffic intensity and
traffic jams in the centre, and a subsequent
reduction in emission volumes owing to the
construction of TRR was only a temporary
phenomenon, since due to the further
growth of vehicle fleet in the city TRR was
no longer able to cope with this task. TRR
has hardly changed the length of transport
network of the city (only a 1% increase),
so there was no reduction in the specific
density of cars per 1 km of the road network.
Moreover, the new transportation route to
a certain extent became an incentive for a

more intensive use of vehicles by residents
of the capital which in its turn led to further
increase in negative impact of cars on the
environment of the city.

Modern  transport  construction  does
nothing but preserves the above-mentioned
radial and ring structure. Experts back in
the 1970s understood the inadequacy of
this scheme suggesting construction of a
"chordate triangle" (powerful high-speed
chordate highways on the peripheries of
the city creating a "vacuum effect" for the
city centre) envisaged by the Master plan
of Moscow 1972 (Yakshin 1975). But, at
the same time, there is an increase in SRN
density in the districts with a slightly lower
density as compared to the average level
for the city. Planning and development of
roads in problem zones of the centre, in
the southwest of the middle belt (between
Garden Ring Road and Third Ring Road), as
well as and in northern districts adjacent to
MKAD helped to reduce emissions in those
areas. Thus, a greater uniformity of SRN
across the city has also become a factor of
decreasing emission volumes and ensuring
a more uniform distribution across the city
(fig. 4, ¢, d).

New transport construction in the context
of the current planning structure and
capacity of roads additionally increases load
on MKAD and main radial highways. The
Soviet town-planning norms were based on
60 cars per 1000 citizens, therefore, areas of
mass construction of the 1960-80s are not
designed to meet high western standards of
automobilization.

In 2011-2017 in Moscow, in the borders
of 2012, there were over 16 million sg.m’
of housing put into operation, they were
commissioned primarily in the districts with
a relatively low density of population; also
buildings which promote the uniformity
of vehicles impact. But localization of large
residential complexes stimulates the use
of radial highways which, according to
our calculations, are also characterized by
a quite uniform distribution of density of
emissions from mobile sources (figure 4).
Average density of emissions on the TRR —

" Data by individual houses were provided by Popov A.A., the Head of CIAN Analytical Centre
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MKAD interval has increased for the majority
of motorways as compared to the Garden
Ring — TRR interval. The only exceptions
are Shchelkovskoye Highway, Leninsky
Avenue and Marshal Zhukov Avenue
where emission density decreases from the
centre to periphery. This can be attributed
to a considerable width of the route in the
central part of the city as well as to specific
features of traffic light regulation resulting in
traffic jams while, as we approach MKAD, the
problem is levelled.

Population density of cities reflects the type
of prevailing housing stock and impacts the
forms of city transport organization. In cities
with high population density trends, local
authorities are choosing intermodal transport
systems with the emphasis on public
transport (Rodrigue 2017). Development of
public transport in Moscow, due to a number
of measures of economic and prohibitive
nature, allowed to considerably lessen the
load on the centre in recent years. As a result,
the volume of emissions from vehicles has
decreased by 10-20% in the central districts
and in the districts where new lines of
underground transport were constructed
(MCC, new lines of the subway) (fig. 5, a, b).
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Town-planning  strategies of  the
Government of Moscow. Unfortunately,
amidst intensive automobilization, Moscow
did not use an important advantage, i.e.
the experience of western cities which had
undergone this stage thirty years earlier, first
of all, in terms of the arrangement of parking
spaces across the city. As a result, the width
of even large highways is contracted by one
third, and even twice in the centre, creating
additional traffic jams and additional
emissions. As it was mentioned above, TRR
did not have any environmental effect.
Experts are not too optimistic regarding the
fourth ring either.

Changesinterritorial proportions of emission
from vehicles are almost more important
for Moscow than the scale of vehicles
impact itself. 2017, as compared to 2007,
saw more uniformity in vehicles emissions
density. The first and main difference is that
for the first time in the Post-Soviet period
areas with a density of emission more
than 5 thousand tons/sq.km disappeared
completely. Those areas used to be typical
of almost the whole territory of the centre
within the Garden Ring, and a considerable
part within the Third Ring Road, along the

Entuziastov - Shosse Entuziastov
Ryazanskiy Prospekt
Marksistskaya St - Volgogradskiy Prospekt
Kashirskoye Highway
Lyusinovskaya Ulitsa -

Bol'shaya Tul'skaya Ulitsa -
Varshavskoye Highway

Leninsky Avenue

Noviy Arbat - Kutuzovsky Avenue -
Mozhayskoe Shosse
Barrikadnaya Ulitsa -

Taganskaya Ulitsa - Nizhegorodskaya Ulitsa -
Krasnaya Presnya St. - Zvenigorodskoye Sh. -
Ulitsa Mnevniki - Prospekt Marshala Zhukova

"1 From The Third Ring to MKAD (The Moscow Automobile Ring Road)
I From The Garden Ring to The Third Ring
Fig. 4. Motor emission density by radial motorways tons/ sq.km per year.



Viktoria R. Bityukova and Nikita A. Mozgunov

SPATIAL FEATURES TRANSFORMATION OF ...

The index of emissions in the atmosphere

[ wore than 120 ] 90-99
I 1o-m9 [ s0-89
0 100- 109

from motor transport, 2011=100%, 2011-2017

Population density,
thousand people /

sg.km,, 2017 .
h More than 20
Area of entered I 15 -100

housing, thousand sq.m. [T 10-14.9
20112017

2 cs. 500 -99
== 0k I

Morethan8[__] 44,9
Bl 679 [] 339
B sse [ os2s

Density of a street road network, km/sq.km,

Index of a street road network
2011-2017 %, 2011=100%

[ More than 150 ] 100-104
0 120-149 [ s
[ 105119 [ Jnodata

- Fig. 5. Spatial differentiation of main factors and motor emission
dynamicsin 2011-2017

majority of the largest radial highways and
MKAD, in the northeastern part of MKAD
and along a part of Yaroslavskoye Highway.
It happened despite the increase in traffic
intensity and as a result of the effect of
positive factors in the city: improvement
of fuel quality and reduction of its specific
consumption, improvement of car quality
and reduction of the share of trucks causing
decrease in specific atmospheric emissions.
A part was also played by measures for the
improvement of the road surface and the
nature of traffic, over the five years (2011-
2017) it saw transport construction and road
reconstruction projects implemented, and
vehicle fleet growing rates slowed down.
The number of areas with a density of 3-5
thousand tons/sg.km declined though they

have already remained stable for a period
of time. Most of these areas are still in the
center. The share of areas with the lowest
level of emission (up to 100 and 100-500
tons/sq.km), that used to be stable since the
early 2000s, almost doubled as compared to
2007-2014. Motor emission density values
were subject to averaging, i.e. anthropogenic
impact on the territory becomes more
uniform. This could have been viewed as a
positive trend, but the reduction of "peaks"
primarily around joining of radial highways
with the Garden Ring was compensated by
the growth of pollution in peripheral districts
of the city that becomes especially evident
in the absence of any significant differences
between administrative districts of the city
(Table 1).
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Table 1. Distribution of areas by groups based on polluting emissions density, the
share of the surface area of areas in the total area of Moscow

The share of the surface area of areas in the total area, %

Density of Administrative districts
emissions,
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Assessment of vehicles emissions in the
South-East Administrative District.

Very interesting example of changing
density emission because of roads networks
modernization is on the Southeast part of
Moscow. As the projects of road network
reconstruction are being implemented
in the South-East Administrative District
(SEAD) there are positive shifts in the
intensity and speed of traffic that,
according to the Government of Moscow,
is supposed to reduce the number of
areas with maximum pollution. State of
the Environment Report prepared by
analytical services of the mayor's office
confirms that the maximum concentration
of complaints of the population about
the condition of atmospheric air is in the
South-East Administrative District. At the
same time the number of the functioning
enterprises in the territory of the district
is reducing, and emission from stationary
sources is declining. The presence of specific
enterprises in the district, such as oil refinery,
affects perception of the ecological situation
as well. In terms of perception of the acoustic
situation, vehicles accounts for more than a
third of noise-related complaints.

Volgogradsky and Ryazansky Avenues and
Lyusinovskaya Street are the main highways
in the district which connect suburban
districts with the central part of Moscow and

are almost the sole communication route
between TRR and MKAD in the South-East
Administrative District.

Alarge infrastructure project was completed
inthe South-Eastern Administrative Districtin
2016, i.e. the reconstruction of Volgogradsky
Avenue which included construction of
the tunnel on Lyublinskaya Street aimed at
lessening the load on this traffic intersection.
Ostapovsky Drive was expanded to four
lanes, a flyover at the crossing with Volzhsky
Boulevard was constructed, several above-
ground and underground crosswalks were
put into operation.

Main works on the reconstruction of
Ryazansky Avenue were completed in 2015,
but the U-turn near Nizhegorodskaya Street
MCC station has been built quite recently.
The carriageway has been expanded, cycle
infrastructure has been partially created,
public transport lanes have been dedicated.
The main traffic problems in the district
are now related to active construction of
Nekrasovskaya line and Big ring metro line.
Nevertheless, it is estimated that transport
infrastructure capacity of the South-East
Administrative District at rush hours is
insufficient resulting in frequent traffic jams
and increasing environmental stress in the
area (figure 7).
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Outgoing highways of the district and the
territories adjacent to MKAD are subject to
the main average daily load. Despite the
presence of natural emission reduction from
MKAD to TRR, emission volumes do not
differ significantly. Expansion of highways
closer to the central part of Moscow up
to TRR increases the average speed of
traffic and decreases the duration of jams.
Nevertheless, transformations of transport
infrastructure in the district have not
resolved the problem of road capacity in the
South-East Administrative District. Ryazansky
and Volgogradsky Avenues are still among
the most loaded highways of the city at rush
hours and the road from MKAD to TRR in the
district can take up to 43-50 minutes.

CONCLUSIONS

The analysis of all the above-mentioned
factors allows to reveal a number of trends
in the dynamics of vehicles atmospheric
emissions density over the past 7 years:

— the overall level of density of harmful
substances emitted into the atmosphere of
the city is decreasing in the entire territory of
Moscow. Since the early 2000s the density of
polluting emissions remained invariable for
40% of the territory, within 1000-3000 tons/
sg.km per year, but over the past 7 years,
large-scale road construction, development
of public transport, improvement of the
structure of vehicle fleet led to the situation
when density of emissions does not exceed
500 tons/ sq.km per year for 70% of the
territory of the city;

— currently, almost all areas with increased
density of the pollutants emitted into the
atmosphere are located only within the
exposure limits of vehiclesation highways;

- the amplitude of fluctuations of
atmospheric emission density has also
decreased (by 1.5 times) suggesting the
levelling of differences in pollution of
the environment of the city. In general, a
"blurring" of pollutants from vehicles across
the territory of Moscow is observed for the
reviewed period of 2011-2017. The previous
periods witnessed a very high concentration
of pollutants within the Garden Ring, while

2017 witnessed both the overall decrease
in concentration of pollutants and a
redistribution of harmful substances from
vehicles between the territory of the Garden
Ring and TRR. Thus, for the past 7 years a
more uniform environmental pollution
of the city is observed. On the one hand,
anthropogenic impact is objectively moving
from industrial and commercial areas to
residential areas, with their hospitals, child
care facilities, etc. Therefore, the number
of people seriously affected by vehicle
increases with a growing share of the
most vulnerable demographic groups of
population (children, the elderly, the sick
and so forth).

On the other hand, this blurring of pollution
areas reduces the sharpness of its perception,
causes additional tolerance, unwillingness
(and inability) to influence the authorities.
The impact of environmental factor on the
price of residential real estate which is quite
low for a city with a high level of education
can serve an example. According to realtors
and buyer polls, there are more than fifteen
factors influencing the price of residential
real estate in the cities: quality of the object
(house type, material of walls, condition
of the apartment), size of housing and its
location (proximity to the center, transport
accessibility (first of all, subway)), prestige
of the district, ecological situation, etc.
(Bityukova et al. 2016).

Dynamics of air emission from vehicles is
the result of both transformational and
inherited factors. Impact level factors
include the inherited quality of domestic
cars. However, the majority of inherited
development aspects boil down to motor
emission distribution across the territory:
the terrain, planning structure, bridges, road
width, topology of the road network, low
connectivity of the network, increased role
of transit functions, etc.
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SIMULTANEOUS ASSESSMENT OF THE
SUMMER URBAN HEAT ISLAND IN
MOSCOW MEGACITY BASED ON IN SITU
OBSERVATIONS, THERMAL SATELLITE
IMAGES AND MESOSCALE MODELING

ABSTRACT. This study compares three popular approaches to quantify the urban heat
island (UHI) effect in Moscow megacity in a summer season (June-August 2015). The
first approach uses the measurements of the near-surface air temperature obtained
from weather stations, the second is based on remote sensing from thermal imagery of
MODIS satellites, and the third is based on the numerical simulations with the mesoscale
atmospheric model COSMO-CLM coupled with the urban canopy scheme TERRA_URB.
The first approach allows studying the canopy-layer UHI (CLUHI, or anomaly of a near-
surface air temperature), while the second allows studying the surface UHI (SUHI, or
anomaly of a land surface temperature), and both types of the UHI could be simulated
by the atmospheric model. These approaches were compared in the daytime, evening
and nighttime conditions. The results of the study highlight a substantial difference
between the SUHI and CLUHI in terms of the diurnal variation and spatial structure. The
strongest differences are found at the daytime, at which the SUHI reaches the maximal
intensity (up to 10°C) whereas the CLUHI reaches the minimum intensity (1.5°C). However,
there is a stronger consistency between CLUHU and SUHI at night, when their intensities
converge to 5-6°C. In addition, the nighttime CLUHI and SUHI have similar monocentric
spatial structure with a temperature maximum in the city center. The presented
findings should be taken into account when interpreting and comparing the results of
UHI studies, based on the different approaches. The mesoscale model reproduces the
CLUHI-SUHI relationships and provides good agreement with in situ observations on
the CLUHI spatiotemporal variations (with near-zero biases for daytime and nighttime
CLUHI intensity and correlation coefficients more than 0.8 for CLUHI spatial patterns).
However, the agreement of the simulated SUHI with the remote sensing data is lower
than agreement of the simulated CLUHI with in situ measurements. Specifically, the model
tends to overestimate the daytime SUHI intensity. These results indicate a need for further
in-depth investigation of the model behavior and SUHI-CLUHI relationships in general.

KEY WORDS: urban heat island, UHI, SUHI, urban climate, mesoscale modelling, remote
sensing, thermal satellite images, land surface temperature, Moscow, MODIS, COSMO
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INTRODUCTION

An essential climatological feature of
most urban environments is the positive
temperature deviation from the rural sur-
roundings, which is known as the urban
heat island (UHI) effect (Oke 1982). The rel-
evance of UHI studies is related to its im-
pacts on ecosystems (Esau and Miles 2016),
assets and services of human society such
as damage to infrastructure and heating/
cooling demands (Davies et al. 2008) and,
most importantly, health and comfort of
the urban population (Buechley et al. 1972;
Dousset et al. 2011; Tan et al. 2010a). Nowa-
days, UHI studies mainly use three types of
data: in situ temperature observations, re-
mote sensing data (thermal satellite imag-
es) and climate model simulations, which
are described below.

Regular in situ temperature observations
are practiced at regular weather stations
of national hydrometeorological services
and other observational networks. They are
usually made at the height of 2 m above
the ground registering the near-surface
air temperature (hereafter referred as SAT).
SAT is one of the essential applied climate
variables (GCOS 2010) used, apart from oth-
er calculations, in the calculation of biome-
teorological indices (Emelina et al. 2014).
However, the regular weather stations are
usually located outside of the urban areas
or in urban parks that makes the data of
such observations inappropriate for urban
climate studies (Peterson 2003). Dense ur-
ban meteorological networks are created
for scientific and monitoring purposes (e.g.
Konstantinov et al. 2018), but only in a few
dozens of cities around the world (Muller
etal. 2013).

Remote sensing data is used to derive land
surface temperatures (hereafter referred as
LST) by the processing of thermal satellite

images. In contrast to highly fragmented
in situ measurements, satellite images pro-
vide a continuous and global spatial cover-
age. Such data can be subdivided into two
types: high spatial resolution data recorded
by ASTER, ETM +, TIRS imaging systems, and
low resolution data obtained by MODIS,
AVHRR and some others. Both data types
have their advantages: the high-resolution
data allows studying thermal structure of
urban landscapes in more detail (Zhu et al.
2002; Sobrino et al. 2012; Baldina and Grish-
chenko 2014), whereas the low-resolution
data offers a much higher sample frequen-
cy up to first dozens of minutes (Cheval
and Dumitrescu 2017).

It is important to note that remote sens-
ing and in situ data characterize different
meteorological variables: the land surface
temperature (LST) and the near-surface air
temperature (SAT). These variables are gen-
erally different from each other, and their
relationship is complex from a theoreti-
cal and empirical perspective (Yang et al.
2017). For example, on a hot summer day,
LST can reach 60-70°C while SAT remains at
about 30-35°C (Gornyy et al. 2016; Sobrino
et al. 2012). The UHI effect is pronounced in
the field of both variables, however the ur-
ban LST and SAT anomalies have different
patterns of spatial and temporal (diurnal
and seasonal) variations (Voogt and Oke
2003; Sheng et al. 2017; Sun et al. 2015).
Due to such differences, the UHI signal in
LST (hereafter referred as surface UHI or
SUHI) and UHI signal in SAT (hereafter re-
ferred as canopy-layer UHI or CLUHI) are
usually treated separately in modern urban
climate studies (Voogt and Oke 2003).

Historically, the UHI has been discovered
and studied for a long time as an anomaly
of in situ observations of SAT at urban sites
compared to rural areas. However, the rapid
development of remote sensing technolo-
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gies results in a recent exponential increase
of SUHI studies (Zhou et al. 2018). Remote
sensing data is now being used in a large
number of SUHI studies, including the re-
searches of the SUHI climatology (Choi et
al. 2014; Miles and Esau 2017; Peng et al.
2012; Zhou et al. 2013) and spatial structure
(Zhou et al. 2017) on the global or region-
al scale, and in more detailed theoretical
and applied studies for specific cities. For
example, Shen et al. (2016) and Gorny et
al. (2016) used the high-resolution remote
sensing data on LST to assess the urban
climate change in Wuhan (China), Saint-Pe-
tersburg (Russia) and Kiev (Ukraine). Dous-
setetal. (2011) applied the remote sensing
LST data to correlate environmental fac-
tors with a heat-related mortality for Paris
during a heat wave. Another example is a
series of urban climate studies for the city
of Bucharest (Cheval and Dumitrescu 2015,
2017).

In most SUHI studies the authors note the sig-
nificant differences between SUHI and CLUH],
but such difference does not prevent authors
from making fundamental or applied conclu-
sions on urban climatology. At the same time,
the relationship between the SUHI and CLUHI
still requires further detailed study (Zhou et
al. 2018).

Rapid development of computing technolo-
gies and numerical methods for representing
the processes occurring in the atmosphere
have opened wide opportunities for applica-
tion of the numerical modelling methods in
urban climate studies. Mesoscale atmospher-
ic models use a horizontal grid step of a few
km. They are able to simulate the meteoro-
logical regime of a big city (see e.g. Martilli et
al. 2002; Bohnenstengel et al. 2011; Wouters
et al. 2016) with high spatial and temporal
resolution, including the UHI effect and ur-
ban-induced mesoscale circulations, which
are known as “urban breezes” (Lemonsu and
Masson 2002). Such models could be used
for assessing the urban climate change sce-
narios (Krayenhoff et al. 2018; Wouters et al.
2017). However, practical and scientific appli-
cations of such models require their accurate
calibration and verification by comparing the
results obtained from the models and from
the observations. Remote sensing data al-

lows verifying the models for areas, including
the urban ones that are not covered by in situ
observations. However, the experience of us-
ing the remote sensing data for verification of
the mesoscale models for urban areas is very
limited due to a number of problems, which
are related to the presence of clouds, to the
LST dependence from the sensor view angle
and to the anisotropy of a three-dimensional
urban geometry (Hu et al. 2014).

Thus, in situ temperature observations, re-
mote sensing data and modelling methods
are actively used to study the UHIs. All of the
approaches have benefits and shortcom-
ings that are summarized in Table 1. Quite
often, these approaches are used together
(e.g. Konstantinov et al. 2015; Mariani et al.
2016; Sheng et al. 2017). However, there is a
lack of studies focused on assessment of the
contrasting behavior of the SUHI and CLUHI,
and the models performance in reproducing
such features. Moreover, such a comparison
has never been carried out for Moscow meg-
acity, despite the abundance of the UHI stud-
ies for Moscow within the framework of each
of the considered approaches (e.g. Grish-
chenko 2012; Climate of Moscow... 2017;
Lokoshchenko 2014).

Here, we present the simultaneous assess-
ment of the surface UHI and canopy-layer
UHI and their contrasting dynamics based
on three quantitative methods, namely in situ
observations, thermal satellite images and
high-resolution regional climate modelling.
We use the data on in situ SAT observations
obtained from a dense network of weather
and air-quality stations in the Moscow re-
gion to quantify the CLUHI and MODIS ther-
mal satellite images to quantify the SUHI. We
use the regional climate model COSMO-CLM
(Rockel et al. 2008), coupled with the specific
urban canopy scheme TERRA_URB (Wouters
et al. 2016) to simulate the meteorological
regime of the Moscow region, including the
both types of the UHI, with a high (1 km) spa-
tial resolution.

The aim of the study is the qualitative and
quantitative comparison of the UHI features,
which are evaluated according to the three
considered methods, and analysis of their dif-
ferences. We consider summer conditions, for



M.I. Varentsov, M. Yu. Grishchenko et al.

SIMULTANEOUS ASSESSMENT OF ...

Table 1. A brief summary of the benefits and shortcomings of the three considered

approaches to quantify the UHI

meteorological
observations

parameters are
also available);

resolution, e.g. 3 hours for
the most of regular weather

Approach to Analyzed
PP variable and Benefits Shortcomings

study the UHI
UHI type
SAT (other The most precise data on air . : .

: i (1) irregular and discontinuous
) measured temperature with relatively ’ S
In situ : spatial coverage, which is

weather high and regular temporal

usually especially poor in
urban areas;
(2) limited data access

Mesoscale
atmospheric
modelling

(other modelled
atmospheric,
surface and soil
variables are also
available); CLUHI,
SUHI and UHI'in
the ABL

eg. 1 kmand 1 hour; (3)
an opportunity to access
data on dozens modelled

variables for different vertical
levels;

(4) an opportunity to change

the model settings, land-use

CLUHI stations

(1) limited and irregular

(1) continuous and near- temporal resolution, e.g. 2

Thermal global spatial coverage; (2) daytime and 2 nighttime
satellite imaaes LST; SUHI high spatial resolution, e.g. 1 images per day for MODIS

9 km for MODIS system; system;
(3) easy data access (2) data is available only for
cloud-free conditions
) ) (1) the model simulations
(1) continuous spatial : }
: . require the computational
coverage; (2) high spatial

and temporal resolution resources and the external
SAT and LST ' data (initial and boundary

conditions, land-use data, etc);

(2) high-resolution simulations

are possible only for a limited
area;

(3) the models are not perfect

and may strongly deviate from

data, etc. in order to study
the model responses to
these changes

reality;
(4) model verification is a
necessary part of a model-
based study

which the UHI studies are more relevant, due
to the negative UHI impact on the biomete-
orological comfort. The summer of 2015 was
selected because of the availability of the in
situ data-for the biggest number of sites, in-
cluding several new automatic weather sta-
tions.

The study is structured as follows. The next
section (Data and Methods) provides a de-
tailed description of in situ observations,
remote sensing data and modelling tech-
niques. Section Results presents the results of
the comparison of three quantitative meth-
ods. Section Discussion interprets and dis-
cusses the revealed differences between the
methods. The last section (Conclusion) is the
conclusion; it gives the practical recommen-
dation for applied studies and actualizes the
needs for further theoretical studies.

DATA AND METHODS
The study area and in situ observations

The city of Moscow is the biggest mono-
centric urban agglomeration in Russia
and Europe with a population of about
16-17 million people (Cox 2018). The area
of the city (administrative unit of Russia) is
2561 km?, however it includes a wide area
known as“New Moscow’, which was joined
to the city in 2011, but remains practical-
ly unbuilt. The actual area of the city (ex-
cluding the suburbs and satellite cities) is
about 1000 km?. Moscow is densely built
with the midrise and high-rise block-hous-
es. According to the popular classification
of Stewart and Oke (2012), the prevailing
types of local climate zones (LCZs) in Mos-
cow are LCZ 5 (compact midrise) and LCZ
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6 (open high-rise), while the historical city
center is mostly covered by LCZ 2 (compact
midsize) and several industrial areas (LCZ
10) are scattered within the city (Samson-
ov and Trigub 2018). There are a number of
parks and urban forests in the city, including
the two biggest ones, Losiny Ostrov Nation-
al Park in the north-eastern part of the city
and Bitsa Park in the southern part of the
city. The area around the megacity is most-
ly covered by forests or croplands. The only
big water bodies in the Moscow region are
the water reservoirs located to the north of
Moscow.

The city of Moscow serves as an optimal
testbed for urban climate studies due its
size, flat and homogeneous surrounding
terrain, compact and relatively symmetric
shapes. The dense meteorological network
provides for in situ observations in the city
and in its surroundings. Long-term mete-
orological observations are carried out at
regular weather stations (hereafter referred
as WSs) of the national hydrometeorologi-
cal service (Roshydromet). Several WSs are
located within the urban area, including
Balchug WS in the city center and meteoro-
logical observatory of Lomonosov Moscow
State University (MSU) in an urban park.
More recent and denser networks include

automatic weather stations (hereafter re-
ferred as AWSs) of the national hydromete-
orological service and automatic air-quality
stations (hereafter referred as AAQS) of Bud-
getary Environmental Protection Institution
“Mosecomonitoring” The AWS network
has been developed since 2012, whereas
the AAQS network — since the 1990s. Me-
teorological observations at the AAQSs do
not comply with the standards of the World
Meteorological Organization (WMO) (e.qg.
the sensors are located at 4 m above the
ground instead of 2 m as directed by WMO
standards). Hence, AAQS data should be
used with caution. However, previous stud-
ies have shown that AAQS observations are
suitable for the analysis of the UHI in terms
of the daily-mean or mean nighttime tem-
peratures (Climate of Moscow... 2017).

In ourstudy, we use regular SAT observations
on 3-hourly intervals at 16 WSs (including 5
airport Wss), 11 AWSs and 37 AAQSs located
in Moscow and its surroundings (Fig. 1). The
basic study area is selected according to the
location of these stations. It spans an area
between 55.35 and 56.07 °N, and between
36.68 and 38.73 °E. Further comparison of
three considered approaches is performed
for this region. In addition, we use observa-
tions at 6 WSs located outside the central

56.0"

55.5"

w ‘ominsk
N
T

Mikhaylovskoye

Gjr/ki,l:enins

N
>\ O Regular WS
> Airport Ws

O AWS
O AAQS

Electrostal<>

EI?K&DUQ"Q‘ Pavlovsk’
Posad

\ JO\‘;‘ 10 km

37.0° 375

38.0° 38.5°

Fig. 1. Location of the weather stations, AWSs and AAQSs within the basic study area.
Red color indicates the weather stations with long-term observation data, yellow
color indicates the new observation sites (AWSs, AAQSs and two new airports). Urban
areas, forests and primary highways are shown according to OpenStreetMap data
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study region (Fig. 2) to evaluate the UHI
intensity according to in situ observations.
All observational data were collected in a
single database and processed by quality
control and gap filling routines; see details
in (Climate of Moscow... 2017).

In situ LST observations are also carried out
at the number of WSs. However, they are not
carried out at the AAQSs. It should be noted
that the measured LST characterizes the lo-
cal conditions at the point of measurement
and may not correspond to typical condi-
tions of the surrounding landscape, espe-
cially for urban conditions. For these reasons,
in situ data on LST is not used in our study.

Satellite images

As satellite data on the surface temperature,
we use the data of the MODIS (Moderate
Resolution Imaging Spectroradiometer) sen-
sor operating on the Terra and Aqua satel-
lites, namely the MOD11A1 and MYD11A1
rasters (data collection 6) with a grid spacing
of 1 km.The MODIS sensor captures images
in 36 channels of the visible, near infrared,
short-wave infrared and thermal infrared
ranges of the spectrum. The LST is deter-
mined from the channels 31 and 32 (10.78-
11.28 and 11.77-12.27 um, respectively) in
the range that accounts for the maximum of
the Earth’s radiation (10-12 um). This data is
available on the NASA Earthdata web-por-
tal (https://earthdata.nasa.gov/). The LST
values for the daytime and nighttime im-
ages are contained in the LST_Day_Tkm
and LST_Night_1km layers, respectively. For
the Moscow region, the registration time of
daytime (nighttime) Terra images is approx-
imately 11:30 (21:50) MSK, for Aqua images
— approximately 12:40 (02:30) MSK. Hence,
MODIS data can be used for UHI studies for
daytime (Terra and Aqua images), evening
(Terra) and nighttime (Aqua) conditions.
The zenith angle for the most of images is
25-30°.

For the further analysis, we selected images
with a cloud cover less than 25% within the
analyzed area, within a radius of 25 km and
10 km from the center of Moscow (three
conditions must be fulfilled simultaneous-
ly). In total, we selected 21 daytime and 9

nighttime images from the Terra satellite,
19 daytime and 14 nighttime images from
the Aqua satellite over the summer of 2015.
Based on the selected images, the average
LST was calculated. In order to avoid distor-
tion of the average LST by gaps in the data,
related with remaining cloud-covered pixels,
data for such pixels was restored using the
linear interpolation method from the data
on the neighboring pixels.

Regional mesoscale modelling

We use the limited-area mesoscale model
COSMO-CLM (Rockel et al. 2008) to simu-
late the meteorological regime of the Mos-
cow region. The model is developed by
the COSMO international consortium (Con-
sortium for Small-scale Modelling, www.
cosmo-model.org) and used for numerical
weather prediction in many countries of the
world, including Russia (Vil'fand et al. 2010).
The COSMO-CLM version of the model is
adapted for long-term simulations (Rock-
el et al. 2008). It is developed by the CLM
community (www.clm-community.eu) and
frequently used for regional climate studies.
The model provides a numerical solution
of nonhydrostatic thermo-hydrodynamical
equations describing compressible flow in
a moist atmosphere with given initial and
boundary conditions. Thermal and humidity
regime of the soil active layer is simulated by
the TERRA module, which takes into account
heat and humidity transport, evapotranspi-
ration and other processes in the soil (Doms
et al. 2011). Hence, the land surface tem-
perature, which is important in our study, is
a prognostic variable of the model.

The COSMO-CLM model is used in our study
for a dynamic downscaling of the ERA-In-
terim reanalysis data (Dee et al. 2011) for
the Moscow region. We use nested model-
ling domains D1, D2 and D3 (Fig. 2) with a
grid spacing of 12, 3 and 1 km, respectively.
These grids are designed in a rotated geo-
graphical coordinate system, where the
origin (0 °N, 0° E) is moved to the center of
Moscow. The inner model domain D3 cov-
ers the area of 180x180 km around Moscow
center. A more detailed description of the
simulations for Moscow is presented in pre-
vious studies (Varentsov et al. 2017a; 2017b;
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2018). It includes the description of the cali-
brated configuration of the model reducing
the systematic biases. The simulations are
performed for the period from 1 May to 31
August 2015.

The urban canopy model (UCM) TERRA_URB
(Wouters et al. 2016) is used to take into ac-
count the urban physics in terms of surface
energy and moisture exchanges including
the influence of street-canyon geometry.
TERRA_URB scheme provides the correc-
tions of the surface parameters (roughness

(a)

length, albedo, emissivity, heat capacity,
etc) within the framework of TERRA mod-
ule using the semi-empirical urban canopy
dependences. In contrast to more complex
UCMs such as TEB or BEM schemes (Mar-
tilli et al. 2002; Masson 2000), TERRA_URB
scheme does not consider the road, roof
and wall surfaces separately. Instead, the city
is considered as a horizontal surface with
radiative and thermodynamic properties
that complies to the structure of the urban
canopy. The anthropogenic heat flux (AHF)
is parameterized according to (Flanner 2009)

(b)

37°E

30

38°E

HE Tl [
0 100 200 300 0 20 40 60 80 100
Surface elevation [m] Urban fraction [%]

Fig. 2. The cascade-nested domains D1, D2 and D3 of the simulations with the
COSMO-CLM model, with surface elevation is indicated by the color scale, and water
surfaces - by the light-blue color (a). The detailed map of the inner D3 domain with
urban fraction is indicated by an additional color scale (b). The cyan circles in (b)
indicate the location of the WSs used for mean rural temperature assessment, the red
rectangle indicates the basic study area that corresponds to Fig. 1. Black lines in (b)
indicate the primary road network according to OpenStreetMap data
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taking into account the annual-mean value
together with its typical diurnal and annual
variations and the dependence of its annual
amplitude on the latitude. To describe the
heterogeneity of the urban surface, TERRA_
URB implements the so-called tile approach,
for which urbanized and natural parts can
coexist in each grid cell of the model. Hence,
the LST and SAT values, heat fluxes and other
soil or surface variables are simulated sepa-
rately for natural and urban tiles in each grid
cell of the model. The average values for
each grid cell are calculated taking into ac-
count the area fraction of urban and natural
tiles.

The application of the TERRA_URB scheme
requires the definition of several urban
canopy parameters for each grid cell of the
model. These parameters are: urban area
fraction (UF), annual-mean AHF, roof area
fraction, mean building height (H) and H/W
ratio, where W is mean street width. We use
original method of GlS-based analysis of
OpenStreetMap data to obtain these param-
eters (Samsonov et al. 2015; Varentsov et al.
2017b). The estimation of the mean annual
AHF for each grid cell of the model is based
on the estimate of its city-average value of
75 Wt/m? (Stewart and Kennedy, 2017). The
spatial distribution of the urban fraction is
shown in Fig. 2b. According to Wouters et al.
(2016), thermal and radiative properties (al-
bedo, emissivity, heat capacity and heat con-
ductivity) of the urban materials are defined
as constants over the urban area with minor
changes (albedo of the urban substrate was
set to 0.15; volumetric heat capacity was set
to 1.6:106 JK'-m?; heat conductivity to 0.8
W-KTm™).

The model output contains dozens of mete-
orological parameters, related to the atmo-
sphere, soil and land surface. In our study we
use the modelled SAT and LST values, avail-
able on 1-km grid of D3 domain with 1-hour
intervals.

Methodology for comparison of the three
temperature data types

The comparison of the three considered
approaches requires a geographical con-
sistency between the two gridded datasets

(MODIS images and COSMO-CLM simu-
lations) and the in situ observations. Since
the MODIS data and modelling results are
available on different grids, we use bicubic
interpolation to transfer MODIS data onto
the projection and the grid used in the
COSMO-CLM model. The further analysis
uses the COSMO-CLM grid. In order to take
into account possible discrepancies be-
tween the land-use data of the model grid
and the actual location of the observation-
al sites, a following method is applied. The
comparison of the modelling results and
in situ observations is performed for the
model grid cells that are selected among 9
nearest grid cells taking into consideration
the land use type (e.g. WS in urban envi-
ronment was compared with a grid cell
with a high urban fraction) (see details in
Varentsov et al. 2017a). The same grid cells
are used for the comparison of the in situ
and remote sensing data. Modelling results
available on hourly intervals and in situ data
available on three-hourly intervals are in-
terpolated in time for the registration time
of MODIS satellite images.

RESULTS

Moscow UHI according to remote sens-
ing data and in situ observations

In this section, the Moscow SUHI according
to MODIS-derived LST data averaged over
the selected cloud-free satellite images is
analyzed and compared with in situ SAT
observations. In order to quantify the SUHI,
we define the LST anomaly (ALST) as depar-
ture from the mean LST value (TO), which is
averaged over all rural grid cells within the
study area. Grid cells are classified as rural if
they are located outside of the 1 km (1 grid
cell) buffer around the urban cells (with ur-
ban fraction > 0).

The intensive SUHI is clearly identified both
for daytime, evening and nighttime con-
ditions (Fig. 3). The mean maximum ALST
reaches approximately 10°C at daytime,
5.5°Cat evening and 6°C at night. However,
there is a clear difference between the spa-
tial structure of the daytime and evening/
nighttime SUHIs. The daytime LST field is
characterized by high spatial variability
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Fig. 3. Anomalies of the Land surface temperature (ALST) according to MODIS data,
averaged over selected daytime (a) and evening (b) Terra images and nighttime Aqua
images (c). Anomaly is defined as a difference between the LST and its mean rural
value TO (see details in text). Black lines indicate the primary highways according to
OpenStreetMap data, gray contours indicate urban grid cells, cyan points indicate
water grid cells
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and sharp gradients between the urban
and non-urban areas. The pronounced LST
anomalies are found in all urban areas, in-
cluding the city edges and small satellite
towns around Moscow, and there are sev-
eral isolated hotspots within the city. At the
same time, the urban parks and green ar-
eas appear as cool as rural landscapes out-
side of the megacity. The evening/night-
time LST field is smoother. The nighttime
SUHI is shaped as monocentric tempera-
ture anomaly, where the area of maximum
temperatures is located in the central part
of the city and extends from the north-
east to the south-west. The city center is
significantly warmer than urban periphery
and satellite towns. Moreover, the positive
anomaly is distributed over the few kilome-
ters outside of the urban areas. In contrast
to daytime conditions, the urban parks are
warmer than rural areas outside of the city.

The principal difference between the
daytime and nighttime conditions is also
found in terms of relationship between
the MODIS-derived SUHI and CLUHI, eval-
uated according to in situ data (Fig. 4). The
spatial patterns of the evening/nighttime
SUHI and CLUHI are highly correlated (R? >

0.7), and the range of urban-rural LST and
SAT differences is quite similar. Indeed, the
evening/nighttime SAT in the city center
(Balchug WS and nearest AAQSs) is 5-6°C
higher than in the rural areas, which is con-
sistent with evening/nighttime ALST max-
ima. In contrast, the correlation between
SAT and LST spatial patterns is much lower
during the daytime (R? = 0.4), while the LST
spatial variability is 2-3 times higher than
SAT variability. The city center is only 1.5°C
warmer than the rural areas (on average)
during the daytime in terms of air tem-
peratures, while the urban LST anomalies
exceed 10°C.

Comparison of the modelling results, re-
mote sensing and in situ data

The revealed difference between the
daytime and nighttime  SUHI-CLUHI
relationships is based on the comparison
of the MODIS LST data with a continuous
spatial coverage and in situ  SAT
observations that are highly fragmented
in space. We further use the modelling
results to check the revealed SUHI-CLUHI
relationships based on the data with a
continuous spatial coverage. In addition,

(a) Terra, day (b) Aqua, day (c) Terra, evening (d) Aqua, night
5 333 i 2
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Fig. 4. Relation between LST and SAT values according to in situ observation and
MODIS remote sensing data, averaged over selected daytime (a, b) and evening (c)
and nighttime (d) Aqua/Terra images. Circle markers indicate AAQSs, square markers
indicate WSs and AWSs. AAQS data is not used for daytime conditions. Color indicates
the urban fraction in the corresponding model grid cells. Red lines indicate linear
trends. The coefficient of determination (R?) and slope (k) of the linear trends are
shown for each panel. Red crosses indicate points that were excluded from linear
regression due to the specific microclimatic features of corresponding sites. Solid
black lines are one-to-one lines
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we consider the opportunity to use MODIS
LST data for the model verification as an
additional verification to the one that is
based on in situ observations.

Prior to comparison of the modelling results
and MODIS data, it is important to high-
light the key results of the model-obser-
vation comparison for air temperature and
other meteorological parameters, which
are presented in details in previous studies
(Varentsov et al. 2017a, 2017b, 2018). Such
comparison has shown that the model suc-
cessfully reproduces the summertime me-
teorological regime of the Moscow region

including the temporal variability of mean
rural temperature and CLUHI intensity for
the city center, including the diurnal and
synoptic-scale variations and extremes of
CLUHI intensity that reaches 8-9°C at calm
and clear nights (Fig. 5). The model also ade-
quately simulates the spatial structure of the
CLUHIin field of mean summer temperature
(Fig. 6). Approximately the same agreement
is found between the observed and simu-
lated SAT values, averaged over the specific
moments of registration of the selected sat-
ellite images (not shown).

The fields of modelled SAT and LST, aver-
aged over the moments of registration of
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Fig. 5. Temporal variation of the mean rural air temperature (top panel) and CLUHI intensity
for Balchug WS in the city center (lower panel) according to in situ observations and
modeling results during July-August 2015. Mean rural temperature is averaged for each
moment over nine rural WSs around Moscow (Fig. 2b); CLUHI intensity is defined as the
difference between the temperature at the urban station and the mean rural value. The mean
error (ME, °C), root-mean square error (RMSE, °C) and correlation coefficient (R) for model-
observation comparison are shown for each panel
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the selected Terra images, are presented
in Fig. 7. Generally, the modelling results
are consistent with MODIS remote sensing
data (Fig. 3) in terms of spatial structure of
LST fields and SUHI spatial patterns. The
agreement is also found for the moments
of registration of the selected Aqua images
(not shown). However, the modelled SUHI
intensity largely exceeds the MODIS-de-
rived values: the modelled urban—rural LST
differences exceed 16°C, while the urban
LST anomaly according to MODIS data
does not exceed 10°C. The modelled SUHI-
CLUHI relationships confirm the results that
are obtained based on MODIS data and in
situ observations. The CLUHI and SUHI are
almost equally intensive at evening and
night, and their spatial patterns are strong-
ly correlated. R? coefficient of the correla-
tion between the modelled SAT and LST is
higher than 0.85 both for considered mean
nighttime and evening fields, both for ur-
ban and rural areas. At the daytime the
pronounced SUHI is loosely correlated with
a weak CLUHI, R? < 0.3. Moreover, the day-

(a)

- AL -Tn=21.3

(o)

Temperature anomaly ALST [°C]

time modelled CLUHI is weakly correlated
with urban area fraction, since the warmest
areas are shifted to the south-east of the
city and further to the south-eastern rural
areas.

In order to quantify the relationships be-
tween the modelling results and remote
sensing data, we present a comparison of
the MODIS-derived LST values versus mod-
elled LST and SAT values (Fig. 8). In contrast
to the very good agreement between the
modelling results and in situ observations
(Figs. 5,6) and general agreement between
the model and MODIS data on the CLUHI-
SUHI relationships discussed previously,
the agreement between the modelled
and MODIS-derived LST values is lower.
For the daytime conditions, in addition to
significant overestimation of the SUHI in-
tensity by the model, the spatial correlation
between the modelled and observed LST
values is quite weak (R?= 0.6 for all grid cells
and only =04 for urban grid cells) that re-
sults in the significant scatter of points in

(b)

(d)

Temperature anomaly ASAT [°C]

Fig. 7. Modelled fields of land surface temperature anomaly ALST (a, c) and surface
air temperature anomaly ASAT (b, d), averaged over the moments of registration of
the selected daytime (a, b) and evening (c, d) Terra images. Anomaly is defined as
the departure from the mean rural LST/SAT value T, (see details in text). Black lines
indicate the primary highways according to OpenStreetMap data, gray contours
indicate urban grid cells, cyan points indicate water grid cells. Note that the color scale
is different for daytime SAT and LST field
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Fig. 8a. The correlation between modelled
and MODIS-derived LST is stronger for the
evening and nighttime conditions (Fig. 8b,
¢, R? > 0.6 both for rural and urban grid
cells). However, the model slightly underes-
timates the LST spatial variability, especially
for nighttime conditions (slope coefficient
of the linear trend k < 1). Surprisingly, even
better agreement is found between the
MODIS-derived LST and modelled SAT (Fig.
8e, f) in terms of the correlation (R? > 0.8 for
urban grid cells) and trend slope (kis closer
to 1). In other words, the SUHI in the field

of the MODIS-derived LST is closer to the
modelled CLUHI rather than the modelled
SUHI. In contrast to nighttime conditions,
the correlation between modelled SAT and
MODIS-derived LST is very weak (R? = 0.3)
for a daytime (Fig. 8d).

DISCUSSION

The presented results show substantial dif-
ferences between CLUHI and SUHI, which
are expressed in the diurnal course and
spatial structure of the urban temperature
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Fig. 8. Comparison of the MODIS-derived LST values and modelled LST (a-c) and SAT
(d-e) values, averaged over the periods of registration of the selected satellite daytime
(a, d) and evening (b, e) Terra images and nighttime Aqua images (c, e). Water grid
cells are excluded from the analysis. Dotted lines indicate the linear trends, built for all
grid cells (black line) and only for urban grid cells with urban fraction > 20% (red line).
Determination (R?) and slope (k) coefficients for these trends are shown in each panel.
Solid black lines are one-to-one lines
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anomalies. The SUHI is more pronounced
during the day, while the CLUHI is more
pronounced in the evening and night. The
difference between CLUHI and SUHI was
known before (Voogt and Oke 2003), how-
ever it is often not sufficiently considered
in recent urban climate studies (see the
literature review in the introduction). In ad-
dition, CLUHI-SUHI relationships are often
considered separately from the physical
processes in the atmospheric boundary
layer (hereafter referred as ABL) and its low-
est part, known as the surface layer.

The interpretation of the CLUHI-SUHI rela-
tionships with respect to the ABL processes
is provided below. On a clear summer day,
urban surfaces heat up more strongly in the
countryside due to the smaller albedo, less
heat consumption for evaporation, specific
features of the urban geometry and oth-
er factors (Oke 1982; Ryu and Baik 2012),
which determines a pronounced SUHI.
However, in such conditions, atmospheric
turbulence is well developed that deter-
mines the intensive mixing within the ABL,
which reaches a height of 1-2 km during
the day (Oke 1987). Intense vertical and
horizontal turbulent mixing smoothens
the local influence of various surface types
on the thermal regime of the surface lay-
er of the atmosphere, hence, weakens the
CLUHI. At the same time, the intensive mix-
ing leads to an intense redistribution of
the daytime urban excess heating over the
lower atmosphere up to 1 km above the
ground (Wouters et al. 2013; Varentsov et
al. 2018). Good mixing within a deep ABL
results in the weakest correlation between
the daytime SAT and LST values, which was
also found beyond the UHI studies, e.g. in
a regional study for Northeast China (Yang
etal. 2017).

After sunset, the surface cools rapidly due
to radiation cooling. The lower troposphere
becomes stably stratified; the intensity of
the vertical turbulent heat exchange be-
tween the surface-layer (canopy layer) and
the upper atmosphere strongly decreases.
The mixed-layer height is at least eight to
ten times smaller during the night than
during the day so that urban heat release
is distributed over a significantly smaller

depth (Bohnenstengel et al. 2011). As a
result, the nighttime UHI over a megacity
typically extents to the lower troposphere
for 100-150 m only (Wouters et al. 2013;
Varentsov et al. 2018). Within the cano-
py layer the UHI is much more intense at
nighttime than at daytime. In contrast to
a stable nighttime surface layer over rural
areas, the stratification remains neutral in
a surface layer over the city (Wouters et al.
2013) that means the near-zero SAT-LST dif-
ference. This explains the significantly bet-
ter match between the CLUHI and SUHI at
evening and night.

At the same time, the role of horizontal
transport increases in the thin stable ABL,
which affects the UHI spatial structure.
During the day, the SUHI is mainly deter-
mined by local properties of the underly-
ing surface, first of all, by the presence of
impervious urban surfaces or pervious
green-covered surfaces. These features
determine the sharp LST gradients and
presence of the several isolated hotspots
within the city. At night, the non-local ef-
fects established by atmospheric advec-
tion (transport of excessive heat within the
city or further downwind to the suburbs)
and horizontal turbulent mixing become
larger and lead to smoother temperature
gradients and monocentric SUHI spatial
structure with a temperature maximum in
the city center. Such differences between
daytime and nighttime SUHI spatial pat-
terns are consistent with MODIS-derived
results for other cities (Cheval and Dumi-
trescu 2015; Sun et al. 2015; Zhou et al.
2015). The nighttime SUHI spatial patterns
for Moscow are also consistent with spatial
patterns of CLUHI according to the in situ
observations (Climate of Moscow. .. 2017).

The modelling results are generally con-
sistent with mechanisms described and
are in a good agreement with in situ ob-
servations on the CLUHI spatiotemporal
variations. However, the simulated daytime
SUHI intensity substantially exceeds the
corresponding MODIS-derived values. The
agreement between remote sensing data
and modelling results is much better for
the nighttime and evening conditions, but
surprisingly the MODIS-derived SUHI cor-
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relates more strongly with the modelled
CLUHI than with modelled SUHI.

A number of explanations could be pro-
posed for such model behavior. Firstly,
the remote sensing data for urban areas
does not characterize the temperature of
a horizontal Earth surface, but reflects the
thermal conditions of the 3-dimensional
urban canopy, which also includes shad-
ed and unshaded walls, elements of street
and yard greening, etc. Such objects are
located above the surface that makes their
temperatures closer to the surrounding air
temperature. However, within the frame-
work of the COSMO model and the TERRA_
URB scheme, the simulated LST reflects the
state of a uniform horizontal surface, the
properties of which are adjusted in such
a way as to ensure the adequate repro-
duction of the components of the surface
thermal balance and SAT. Secondly, the
model uncertainties may be related with
thermal and radiative properties of urban
materials. These properties may be crucial
for the SUHI intensity, but in our study they
were defined as constants over the urban
area because of the lack of information on
urban materials. Such inaccuracies may
be combined with uncertainties of other
parameters, which are important for sim-
ulation of the surface energy balance and
which were not verified in detail in previous
studies for TERRA_URB scheme and other
UCMs (e.g. the surface layer resistances or
roughness length for temperature). Final-
ly, the deficiencies of remote sensing data
may lead to discrepancies between the LST
fields, particularly because of the possible
uncertainties of the emissivity mask that is
used for LST calculation (Hu et al. 2014).

In either case, the revealed discrepancies
between the model and observations
should be investigated in more detail in
further research, also with application of
additional alternative observational prod-
ucts (e.g. remote sensing data of higher res-
olution, airplane-based and tower-based
radiative measurements, in situ LST obser-
vations).

CONCLUSION

In the presented study, we have analyzed
the summertime UHI effect for the city
of Moscow using three independent ap-
proaches and corresponding datasets:
the dense in situ SAT observations, MODIS
remote sensing LST data and high-resolu-
tion mesoscale modelling with the COS-
MO-CLM model and urban canopy pa-
rameterization TERRA_URB. Comparison of
these three approaches was made for the
city of Moscow for the first time. The results
of the comparison revealed the principal
difference between urban SAT and LST
anomalies (known as CLUHI or SUHI re-
spectively), and between the daytime and
nighttime CLUHI-SUHI relationships. The
differences between CLUHI and SUHI are
consistent with a general understanding
of the ABL processes and are confirmed by
the modelling.

Generally, we found that the model and
observations are in good agreement, par-
ticularly for daytime and nighttime CLUHI
(in comparison with in situ observations),
and for nighttime SUHI (in comparison with
MODIS remote sensing data). However, the
correspondence is substantially lower for
the daytime SUHI, the intensity of which
is substantially overestimated in the mod-
el. In addition, the modelled CLUHI corre-
sponds to the observed SUHI surprisingly
better than the modelled SUHI for evening
and night.

The study appeals for further in-depth in-
vestigation of the feedbacks between the
CLUHI, SUHI and ABL, including the devel-
opment of the urban conceptual ABL mod-
els for investigation of the role of the ABL
processes in the CLUHI-SUHI differences
(e.g. Droste et al. 2018; Wouters et al. 2019);
and for more comprehensive model verifi-
cation studies for urban areas.

Finally, the presented results allow us to
draw a number of recommendations
about the applications of the considered
temperature datasets in urban climate re-
search and related fields.

1. The CLUHI is not equivalent to the SUHI,
especially for daytime conditions. Accord-
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ingly, remote sensing LST data cannot be a
direct and universal replacement of in situ
SAT observations data for urban climate
studies. However, there is a stronger con-
sistency between the nighttime CLUHU
and SUHI. Hence, any comparison of clima-
tological statistics on the CLUHI and SUHI
intensities should be done with a great
accuracy and taking into consideration the
different CLUHI-SUHI relationships for the
daytime and nighttime conditions.

2. The mesoscale model coupled with ur-
ban canopy models are able to successfully
simulate the urban climate features for such
a big city as Moscow. However, the good
agreement between the modelling results
and in situ observations on the CLUHI fea-
tures does not automatically mean the
same good agreement between model-
ling results and MODIS data on the SUHI
features. Despite the very good agreement
in CLUHI, presented results highlight po-
tential misunderstanding of the urban-at-
mosphere interaction processes. Tackling
these issues could offer great potential to
further improve the urban atmosphere
feedbacks in mesoscale atmospheric mod-
elling and our understanding of the urban
climate system.

3. The application of the remote sens-
ing data for verification of the mesoscale
modelling results for urban areas requires
accuracy and careful consideration of the
specific features of the model parametri-
zations and satellite images. Therefore, we
recommend to focus on such tasks firstly in
the nighttime conditions, since at night the
agreement between remote sensing data,
in situ ebservations and modelling results
on both types of UHI is much better than
in the daytime conditions. If possible, an
integrated and comprehensive approach
to model verification should be applied,
based on both in situ and remote sensing
data.

The above mentioned does not belittle
the importance of remote sensing data as
one of the important data sources for ur-
ban climatology. In addition to the SUHI
studies and the model verification, re-
mote sensing LST data could be used for
regression modeling of SAT and biomete-
orological comfort indices as one of the

predictors (Ho et al. 2016), for estimating
anthropogenic heat fluxes (Chrysoulakis et
al. 2018), for the diagnosis and monitoring
of urbanization processes (Shen et al. 2016;
Tan et al. 2010b; Weng and Lu 2008), for
mapping the development and function-
al zones of urban areas (Grishchenko and
Ermilova 2018) and for integrated analysis
of local climatic features together with the
in situ measurements (Konstantinov et al.
2015; Cheval and Dumitrescu 2017). Since
the agreement between CLUHI and SUHI
increases in the absence of intense solar
heating, remote sensing LST data becomes
especially valuable for urban climate stud-
ies in nighttime conditions and in the con-
ditions of mid-latitude and Arctic winter. In
either case, the joint use of in situ, remote
sensing and modelling data could increase
the value of UHI and urban climate studies
if the relationships between the different
methods are taken into consideration.
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Abbreviation list

ABL — atmospheric boundary layer

AWS — automatic weather station

AAQS  —automatic air quality station
CLUHI — canopy-layer urban heat island
COSMO — the atmospheric model, devel-
oped by Consortium for Small-Scale Mod-

LST — land surface temperature

MODIS — Moderate Resolution Imaging
Spectroradiometer

MSU — Moscow State University

SAT — surface air temperature

SUHI — surface urban heat island

UF — urban fraction

UHI — urban heat island

elling WMO — World Meteorological Organization
COSMO-CLM — the version of the COSMO WS — regular (non-automatic) weather sta-
model adapted for long-term simulations tion
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ABSTRACT. Road dust is a composite substance formed due to wear of different
components of transport infrastructure and motor vehicles. In 2017, 214 road dust
samples were collected in Moscow to analyze pH, electrical conductivity (EC), and organic
carbon (C,,.) content that controls the ability of dust to fix pollutants. The road dust was
dominated by sand and silt size particles (the share of PM,  particles varies from 2.3% to
39%) and had alkaline pH (6.4-8.1), high EC (33-712 puS/cm) and COrg (0.17-6.7%). The road
dust is alkalinized by detergents and particles formed by abrasion of roadways and blown
out from construction sites. A three-fold excess of the EC over the background values
(dust in parks) is mainly due to the use of the de-icing agents and roadway maintenance.
But the concentration of C__in the Moscow’s road dust is on average 2 times lower
compared to the background values; the increased content of COrg in the courtyards is
associated with the application of organic fertilizers. The most significant factor that
determines the physicochemical properties of the dust was the type of a road. The dust
on large roads including the Third Ring Road had higher pH (7.0-8.0) and EC (98-712 uS/
cm); it contained higher proportions of the fine particle-size fractions compared to other
roads. The COrg contentin the road dust was minimum on Moscow’s major radial highways
due to the insignificant contribution of soil particles. The spatial trends in variability of
the physicochemical properties of the dust in Moscow were not evident as they were
to a large extent masked by other factors: proximity to industrial zones and large forest
parks, differences in the de-icing agents used, unequal frequencies of road cleaning, and
the various contribution of soil particles that vary in composition and genesis in different
parts of Moscow.
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INTRODUCTION

Road dust is a multicomponent substance
formed as a result of washing out and
deflation of roadside soils, wear of different
components of transport infrastructure and
vehicles, crushing of solid waste and residues
of de-icing agents (DIAs), and atmospheric
precipitation of particulate matter (Ladonin
and Plyaskina 2009; Nazzal et al. 2013;
Prokofieva et al. 2015). Road dust originates
from various sources and indicates pollution
level of urban landscapes, since its particles
are the carriers for many pollutants, including
heavy metals and metalloids (HMMs). In
turn, road dust itself may be a source of
secondary pollution of the atmosphere
and roadside soils. Road dust is lifted into
the air by traffic and it is one of the six most
important sources of suspended particulate
matter (PM) in urban atmosphere (Belis et al.
2013; National Emissions Inventory 2017).

In the major cities of the world, road dust
is increasingly being considered as an
object of environmental and geochemical
monitoring (Vlasov et al. 2015; Demetriades
and Birke 2015; Jayarathne et al. 2017; Yang
et al. 2017). Extensive literature is devoted
to elemental composition of road dust;
however, the physicochemical properties
inherited from its different components
have been studied to a much lesser extent,
although they are the ones that determine
the potential of the dust to fix pollutants.
Usually, such parameters as pH, organic
carbon content (Corg), electrical conductivity
(EQ), and particle size distribution are
evaluated (Wang and Q_, 2007, Al-
Khashman 2007; Hu et al. 2011; Acosta et al.
2011). The studies of atmospheric dust focus
on particles with an aerodynamic diameter
of 10 um or smaller (P!\/\WO).This PM fraction
is the most important indicator of air quality
in many cities around the world, since it can
penetrate the human respiratory tract, cause
asthma in children and increase the risk of
mortality from diseases of the cardiovascular
system (Tager 2005; Fonova 2017; Report...
2017). The same particle size fraction is also
important when studying road dust, since
the particles PM & contain up to 40-60%
of the total amount of HMMs and the
concentrations of Cd, Ag, Sb, Sn, Se, Cu, Bi,

Pb, Zn, Mo, and W in this fraction are 4-22
times higher than their abundances in the
upper continental crust (Vlasov et al. 2015;
Vlasov 2017).

When road dust settles on the surface of
urban sails it changes their physicochemical
properties. Road dust has a weak alkaline
reaction and can form or increase the
capacity of the existing alkaline geochemical
barrier, which control the accumulation
of many HMMs (Kosheleva et al. 2015).
The presence of organic matter in dust
causes the formation of organo-mineral
geochemical barrier, and the occurrence
of various-size dust particles leads to the
appearance of  sorption-sedimentation
geochemical barriers.

Inthisstudy forthefirsttime acomprehensive
analysis of the road dust properties and their
spatial distribution has been made for the
entire urban area of Moscow, the largest
megacity of Russia and Europe. Moscow has
numerous industrial enterprises, heating
power plants (HPPs), an extensive road and
transport network, and over 4.6 million cars.
Similar but limited in scope studies were
previously conducted only for individual
districts of Moscow (Ladonin and Plyaskina
2009; Vlasov et al. 2015; Prokofieva et al.
2015; Bityukova et al. 2016; Ladonin 2016).
The purpose of this study was to evaluate
the main physicochemical properties and
the accumulation potential of the Moscow’s
road dust with respect to pollutants as
its chemical composition is one of the
important indicators of urban environment
quality.

The specific objectives of the study were:

- to obtain a representative data set for the
territory of Moscow that characterizes the
dust on its roads in regard to various traffic
intensity in different administrativedistricts
(okrugs) of the city;

- to determine main physicochemical
parameters of the road dust: pH, EC, Corg, and
particle size distribution;

- to identify their spatial trends within the
city;
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- to assess the extent of technogenic
geochemical transformation of the dust
properties on the roads and to evaluate
its accumulation potential with respect to
inorganic pollutants (e.g., HMM:s).

SOURCES OF ROAD DUST

Motor transport. It is the main source of
air pollution in Moscow that presents up to
95% of total emissions, or 880-930 thousand
tons per year (Report... 2017; Bityukova and
Saulskaya 2017). The length of Moscow
roads is 3,600 km, they occupy about 8%
of its area (Fig. 1). The density of the road
network is 4.2 km/km?, including the main
network 1.54 km/km? (Khusnullin 2013).
At the beginning of 2017, the automobile
fleet of Moscow was about 4.6 million units

of which 90.4% were passenger cars, 8.5%
were trucks, and 1.1% buses. The number
of vehicles is constantly increasing; the car
ownership level is 340 per 1000 people.

Deposition of atmospheric aerosols resulting
from anthropogenic emissions is one of the
factors controlling the accumulation of road
dust. Motor transport emissions consist of
carbon monoxide (63%), nitrogen oxides
(22%), and volatile hydrocarbons (13%)
(Report... 2017). Particulate matter accounts
forabout 1% of the traffic emissions and non-
exhaust emissions coming from abrasion of
the road surface and road marking, break and
tire wear, which ranges, according to various
estimates, from 2.5 to > 5 thousand tons per
year depending on traffic conditions - type,
speed, and numbers of maneuvers (Nazzal

= == ]
0 15 3 6 9

w=s Moscow Ring Road
Third Ring Road
=== major radial highways
large roads
medium roads
small roads
[Jbuildings
water objects
parks
@ sampling sites

Industrial impact
I high and very high
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Fig. 1. Mobile and stationary sources of technogenic impact and road dust sampling
locations in Moscow (a) and the administrative districts of Moscow within the
Moscow Ring Road (b)

Impact levels of industrial zones are given according to Bityukova and Saulskaya (2017).
Capital letters indicate the names of administrative districts (okrugs): N — Northern,

NE - North-Eastern, E — Eastern, SE — South-Eastern, S — Southern, SW — South-Western,

W - Western, NW — North-Western, C — Central
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et al. 2013). The particulate fraction PM,, is
largely associated with emissions of diesel
cargo transport (61%) and buses (29%),
despite the fact that their number is much
smaller than that of passenger transport;
however, they have higher emission
intensity and mileage and a smaller share
of engines of high environmental classes.
An apportionment of the sources of PM, in
Hatfield Tunnel (United Kingdom) showed
that 60% of the particulate fraction is
composed of particles originated from wear
of road surfaces, tires, and brake pads, and
re-suspension of the dust (i.e. non-exhaust
emissions); while engine exhausts produce
only 40% of PM,, (Lawrence et al. 2016).

The maximum concentrations of pollutants
in the air are observed in close proximity
to roads. Within a distance of 1 m from a
roadway the average dust load is 1.77 g/m?
per day and at a distance of 5 meters it is
047 g/m? per day, which is 262 and 67 times
higher, respectively, than the background
level (Achkasov et al. 2006). Even in the
eastern industrial part of Moscow, the dust
load near roads is 1.2-2 times more intensive
than near industrial areas (Kasimov et al.
2012,2017).

The generation of particles during braking of
vehicles due to friction between parts of the
brake system is one of the significant sources
of road dust (Garg et al. 2000). Therefore, the
contribution of the road dust loading to
suspended PM in urban environment can
be quantitatively assessed using markers of
particles originated from brake and tire wear,
which include Cu and Sb (Weckwerth 2001),
as well as tracers of road wear — Ca, Al, Si, Ti,
and Fe (Diapouli et al. 2017).

De-icing reagents.The DIAs used in Moscow
are chloride-based. They comprise at least
93% of technical salt (sodium chloride). The
salt is usually mixed with marble chips that
after snowmelt mark the places where the
DIAs were applied (Nikiforova et al. 2016).
A single road treatment requires 80-200
g/m? of the DIA (Sister and Koretsky 2004).
The total permitted salt load in Moscow
reaches 420-500 thousand tons (as dry
matter) during the winter season, or 37 kg of
the DIAs per person (Khomyakov 2015). The

DIAs include combined (solid and liquid)
agents. The municipal services of Moscow
use liquid DIAs at temperatures higher 16°C;
at lower temperatures combined agents
which include 50-60% of marble chips,
crystals of calcium chloride, and formic acid
salts are applied. The solubility of marble is
low; with decreasing chip-size, it increases in
the presence of dissolved calcium chloride
and particles of road surface (Greinert et
al. 2013). In the courtyards and adjacent
areas, sidewalks, and pedestrian streets, only
combined DIAs are allowed to be applied.
Additionally, grains of crushed granite with a
diameter of 2-5 mm can be used, mainly in
yard areas and on dangerous road sections.

Industrial enterprises and construction. In
Moscow, there are over 30,000 stationary
sources of pollutant emissions concentrated
in the industrial zones (Fig. 1 a). In different
years, the total emission load ranged from
60 to 70 thousand tons per year with a
contribution of solids of about 3%. Thirteen
HPPs in Moscow account for almost 50-65%
of atmospheric emissions from stationary
sources, while 20-30% comes from oil
refineries, 2-3% and about 2% are derived
from engineering enterprises, and from
food processing and building materials
production, respectively (Bityukova and
Saulskaya 2017).

The sources of aerosol emissions to the
atmosphere also include about 700
objects of urban construction — residential
buildings, urban infrastructure, road and
transport facilities (Bityukova and Saulskaya
2017). Many stages of construction are
accompanied by intense dust generation. In
the near future, the number of construction
projects in Moscow is expected to increase
owing to the adoption of the law aimed
at renovation the old housing stock.
Accordingly, about 5,000 buildings needs
to be demolished and rebuilt. Besides, in
Moscow, some industrial zones are being
redeveloped into residential areas.

Soil deflation. Dust contamination of roads
increases due to wind erosion of poorly
vegetated soils. Within the Moscow Ring
Road (MRR), artificially created or highly
transformed  soils  called  urbanozems
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(Prokofieva and Stroganova 2004) dominate;
they have more alkaline pH, higher levels
of C, and readily soluble salts, increased
accumulation potential  and  higher
proportion of clay, which controls binding
of HMMs in soils (Kosheleva et al. 2015).
Extraneous material of anthropogenic origin,
e.g., construction and household waste, are
common in urban soils.

The composition of solid atmospheric
fallout on the roadside areas of Moscow
reflects its mixed origin. The coarse fractions
consist mainly of quartz grains, feldspars,
carbonates, and asphalt fragments; the
fine fractions, in addition, carry carbon-
containing matter, paint, glass, plastic,
brick and other fragments (Prokofieva et
al. 2015). The PM. . fraction (particles with
an aerodynamic diameter of 2.5 um or
smaller) is formed by soluble inorganic salts,
mainly sulfates and nitrates (4-32% of the
aerosol mass), insoluble mineral particles,
carbon-containing  material  (1.2-48%)
usually represented by elemental carbon
(Privalenko and Bezuglova 2003; Da Costa
and Oliveira 2009).

MATERIALS AND METHODS

The road dust was tested in Moscow within
the MRR on roads with different traffic
intensityinJune-July2017in9administrative
districts (Fig. 1), as well as inside courtyards
with local driveways and parking lots. The
courtyards protected from the winds often
act as traps for inorganic pollutants which
are accumulated in urban soils of residential
areas (Kosheleva et al. 2018b). The sampling
grid density was defined as one sample per
approximately 4 km? (Demetriades and Birke
2015; Kasimov et al. 2016). The dust samples
that represent geochemical background
in urban environment were collected on
pedestrian paths in natural forest parks (the
Losiny Ostrov, the lzmaylovsky and Bitsevski
parks), at the most remote locations from
the highways. In total, 173 dust samples
were collected on the roads, 36 — in the
courtyards, and 5 — in the forest parks.

In terms of traffic intensity, all roads were
divided into several types by the width of the
roadway and the number of lanes: (1) MRR,

(2) the Third Ring Road (TRR), (3) major radial
highways with more than four lanes in one
direction, (4) large roads with three to four
lanes, (5) medium roads with two lanes, and
(6) small roads with one lane, and (7) local
driveways and parking lots of courtyards.
Table 1 shows the number of samples taken
on different types of roads.

The fieldwork period was characterized by
wet and rainy weather conditions; in June-
July 2017 the precipitation norm for Moscow
was exceeded nearly twice (Weather and
Climate, 2017). The accumulation of the
road dust was hampered by intensive
surface drainage and daily road cleaning
by public utilities. The sampling was carried
out in days as dry as possible and no earlier
than 24 hours after the rain and full road
drying. Composite 300-500 g samples were
collected along the curb on both sides of
the road with a plastic scoop and brush, in
3-5replications at a distance of 3-10 m from
each other. On large and major radial roads,
the samples were taken on the dividing
strip; in the courtyards they were collected
from the parking lots.

The main physicochemical properties of
the dust samples were analyzed at the
Ecological and Geochemical Center of
the Faculty of Geography, Lomonosov
Moscow State University. The pH values
were measured in  aqueous solutions
(dust:water 1:2.5) by the potentiometric
technique, the electrical conductivity (EC) —
in aqueous solutions (dust:water 1:5) using
EC meterthe content of organic carbon
(C,.) was determined by the Tyurin (wet
oxu%atlon method followed by titration,
and the analysis of particle size distribution
was performed by laser granulometry. The
definition of particles is given according to
the classification of N.A. Kachinsky adopted
in Russia.

The obtained data were analyzed by statistical
methods. For each district and road type,
the following measures were calculated:
sample averages (m), their errors, standard
deviations o, variation coefficients (Cv = o/
m-100%), minimum and maximum values.
The variation of the parameters depending
on a set of factors (type of road, spatial
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location of the sampling point in the city,
particle size class, base-acid reaction, and Corg
content) were estimated by the regression
trees method in S-Plus package (MathSoft®).
The visualization of the geochemical data
was done in ArcGIS 10 package.

RESULTS AND DISCUSSION
The physicochemical properties analyzed

(Tables 1, 2), in general, fall into the range of
values comparable to what has been found

in other cities of the world where pH, Corg
content and EC varied between 7-9, 1-17%,
and 100-2800 pS/cm, respectively (Wang
and Qin 2007; Al-Khashman 2007; Ladonin
and Plyaskina 2009; Acosta et al. 2011; Yisa
et al. 2011; Hu et al. 2011; Sutherland et al.
2012).

The results of multivariate regression
analysis (Fig. 2) revealed the leading factors
determining the physicochemical properties
of road dust.

Table 1. Physicochemical properties of the dust collected from different road types

Roads pH EC, uS/cm Co % Share of PM, , %
forest parks (5) | 7.1 (6.7-74) | 3.2 70 (66-88) 17 4.1 (25-74) 42 13 (6.3-18) 37
MRR (20) 73(6.8-79)| 3.1 256 (98-521) 41 2.7 (1.5-4.9) 33 18 (54-31) 36
TRR (10) 74(70-76) | 24 |277(136-712)| 57 |28(0.85-3.6)| 29 18 (6.2-22) 25
major radial (19) | 75(7.1-80) | 3.5 [256(118-537)| 45 2.0(1.0-4.0) 36 15 (4.1-29) 63
|arge 47) 74(69-80) | 39 257 (88-523) 49 121(0.17-48)| 41 16 (5.7-33) 44
medium (44) 74(68-8.1)| 3.7 174 (33-450) 55 [23(0.87-46)| 38 13 (3.2-27) 52
small (34) 74(64-8.1)| 42 193 (47-525) 58 [24(091-48)| 36 14 (4.0-39) 52
Courtyards (36) | 7.2(66-8.1)| 3.7 162 (63-483) 50 4.1 (1.1-6.7) 32 14 (5.2-28) 45

Note. Hereinafter, share of PM,  represents the share (%) of particles with a diameter of 10 um and

smaller in a bulk sample of the road dust (considering particles of all diameters).

Table 2. Physicochemical properties of the road dust collected in different

administrative districts (okrugs) of Moscow

District pH EC, puS/cm Co % Share of PM, , %
Eastern (21) 74(70-80) | 38 174 (33-519) 67 122(0.17-49)| 51 14 (6.7-30) 46
Western (29) 74(69-8.1)| 40 183 (98-376) 40 | 250.1-567)| 45 16 (4.1-28) 41
Northern (12) 73(71-79)| 29 | 211(97-537) 58 26(14-3.8) 22 19 (6.9-28) 34
North-Eastern (23)| 7.3 (64-7.7) | 3.7 | 199 (65-352) | 40 3.1 (1.6-5.1) 34 17 (6.7-29) 34
North-Western (16)| 7.2 (6.7-8.0) | 4.6 248 (90-459) 45 12.7(085-5.1)| 38 18 (7.2-29) 35
Central (32) 73(68-8.1)| 39 243 (80-712) 56 |24(085-48)| 46 14 (4.2-24) 47
Southern (27) 74(68-8.1)| 4.2 214 (73-483) 42 2.8 (1.3-6.6) 49 12 (5-26) 55
South-Eastern (30)| 74 (6.6-8.0) | 4.3 242 (47-525) 64 [27(091-6.7)| 46 15 (3.2-39) 62
South-Western (20)| 74 (7.1-7.8) | 24 176 (53-521) 61 24 (14-4.7) 38 14 (4.1-34) 55
Moscow (210) 74(64-8.1)| 39 211 (33-712) 56 [26(0.17-6.7)| 44 15 (3.2-39) 48
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Fig. 2. Differentiation of the physicochemical properties of the Moscow’s road dust
in relation to the type of the road, the administrative district, and the particle size
distribution
For each terminal node, the average value of the parameter, the coefficient of its variation Cv,
and the number of sampling points n are given. Types of roads: H— major radial highway, L
—large, M — medium, Sm - small, Y — courtyards. For the names of the districts please see the
footnote of Fig. 1
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Fig. 3. Base-acid reaction (a) and the results of electrical conductivity measurements
of the road dust in Moscow (b)

Urbanized background. The road dust in
the urban forest parks (Table 1) had the lowest
values of pH (7.1) and EC (70 uS/cm). The DIAs
are not applied in these territories; there is
no pollution by particles formed during
mechanical deterioration of vehicle parts,
and atmospheric deposition is hampered
by vegetation. The main components of the
dust in these background areas are plant
residues and soil particles. In the forest parks,

natural sod-podzolic soils (Retisols) with
slightly acidic reaction and the prevalence of
fulvic acids in the surface horizon owing to
plant litter (Prokofeva et al. 2013, Rozanova
et al. 2016) are still present. Foliage residues
serve as a natural source of Corg, which
determined its increased concentrations
- 4.1%, on average. Unlike the forest parks,
fallen leaves are removed from the public
gardens and parks, as well as in many



Nikolay S. Kasimov, Natalia E. Kosheleva at al.

PHYSICOCHEMICAL PROPERTIES OF ...

VAT &

\
2

R TN\ A N ‘;‘ﬂ 7 AL
,@'o/f .ll!l's “ﬁr‘kﬂ 2

S ARESE Y
O

PM10, %
o <10
0 10- 15
O 15-20
©20-25

O>25

km
9

0 15 3 6

Fig. 4.The C,,, content (a) and the proportions of PM,  fraction in the road dust
samples in Moscow (b)

residential yards and green lawns, thereby
reducing the new addition of organic matter
into the soil. Also, the background dust had
specific granulometric composition: in all
5 samples collected, a coarse particle size
fraction 250-1000 um prevailed (> 50%).

Base-acid reaction. The average pH of
the dust sampled on the roads and in
the courtyards is 74. The differences
between the administrative districts were
insignificant; the values that exceed the
maximum and the average pH were typical
of the western, southern and eastern parts
of Moscow, while minimum values were
observed in its northern part (Table 2,
Fig. 3a). The lowest average pH of 7.2 was
recorded in the North-Western district due
to the prevailing northerly winds which
contribute to the translocation of alkaline
technogenic dust to the south of Moscow
(Lokoshchenko 2015) - the road dust pH
in the Southern, South-Eastern and South-
Western districts, as well as in the Eastern
and Western districts, exceeded the value
of 7.4. The coarse sand fraction (particles
with diameter >500 um) is suspended at
wind speeds exceeding 10 m/s; the coarse
silt (with diameter 10-50 um) and smaller
particles may suspend in fairly weaker
winds. Particles with diameter of 1-2 um at
wind speeds of 2-3 m/s are removed from

the soil surface, enter the surface aerosol,
and remain suspended for quite a long
time (Gendugov and Glazunov 2007). The
particles' pH rises when their size decreases.
Thus, in Western district, the pH in the
aqueous extract of PM., (with diameter <50
pm) was 0.6 units higher than that of PM_.,
(with diameter >50 um); on large roads,
this difference increased to almost 1 unit
(Bityukova et al. 2016).

High pH values (>8) in most cases are caused
by the influx of alkalinizing substances
during the repair of the roadway and laying
paving slabs (Greinert et al. 2013). The
maximum pH of 8.1 turned out to be lower
than the average (8.2) and maximum (8.9)
pH of road dust collected in the summer of
2013 for the eastern part of the city (Vlasov
et al. 2015) when the weather was rather
dry and hot. Low pH values in the summer
of 2017 may be associated with intensive
removal of carbonate dust by precipitation
and surface runoff.

The pH values of the dust correlate well with
the types of roads. The pH tends to increase
in the following order: courtyards and small
roads = large and major radial roads. The
exception is the road dust collected on
the MRR which shows the intermediate pH
values. The lowest average pH is restricted
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to the inner yard territories (7.2), while the
highest — is registered for the major radial
highways (7.5); which supports the idea that
pH increases with the increasing road width
and intensity of traffic. Roadway abrasion is
higher on large roads (even small ruts are
formed here), the material of which has a
slightly alkaline reaction with a pH of 7.4.
The highest pH variability with both the
minimum (6.4) and maximum (8.1) values
was observed on small roads.

The pH rise with increasing road-size might
be explained by a more active use of strong
alkaline detergents on large roads. During
summer period, roads are cleaned daily by
sweeping dust and periodic washing of the
road surface. Detergent products with high
pH (9-11) are used (“Chistodor," “Tornado”).
After deposition on road surfaces and
drying they become one of the significant
dust alkalinizing agents. The pH of the dust
is minimal on parking lots in courtyards
and on the MRR as they are not regularly
washed (Fig. 2) while the road dust pH is
much higher on the TRR, major radial, large,
medium, and small roads, especially in
Eastern, South-Eastern, Western and South-
Western districts.

The predominance of the coarse particle
size fractions in the road dust (Fig. 2)
determines a more alkaline environment,
which is associated with the input of slightly
soluble particles of marble chips in winter
season. The bulk of the DIAs used consists
of particles with a diameter of 1-10 mm;
the number of particles <1 mm does not
exceed 15-20%.

Electrical conductivity. The Moscow's
road dust has high EC, which is due to
the presence of large quantities of soluble
substances of technogenic and natural
origin, detected in aqueous extracts. The
average EC value of Moscow road dust was
211 uS/cm, which is about 3 times higher
than the background value in the forest
parks (70 uS/cm). The EC varies between
the districts from 173 (Eastern district) to
248 uS/cm  (North-Western district) and
within the districts, where the EC variation
coefficients are also significant (Cv 40-67%).

In winter time, the main source of readily
soluble saltsare the DIAs. With their excessive
application, some of the reagents are not
removed by the melt water, but remain in
the solid form on the roadway, increasing
the road dust EC. With decreasing particles
size, their EC rises: in Western district, the EC
of PM, is 2 times higher than that of PM__ |
(Bityukova et al. 2016).

1

The clear relationship between road-size
and the EC was detected: the EC values on
medium and small roads and in courtyards
were 1.5 times lower than those on the
MRR, TRR, major radial highways and large
roads, especially in Northern, Central,
South-Eastern and North-Western districts
(Fig. 2) due to a high content of PM.,
(Table 2). A similar effect was observed
in Amman, Jordan (Al-Khashman 2007).
The smallest average EC (161 pS/cm) was
typical of courtyards with parking lots, while
the highest (277 uS/cm) of the TRR. The
minimum value was found on the medium-
size roads in Eastern district (33 uS/cm), and
the maximum (712), at the crossroad of the
Zvenigorodskoye Highway and the TRR.

The map (Fig. 3b) shows that increased EC
are confined to the area stretching from the
North-West to South-East. Most likely, the
high EC values in this area are associated
with greater density of the road transport
network and industrial facilities. Outside this
area in the North-East of Moscow, there is
a large forest park Losiny Ostrov, and in the
South-West, the Bitsevski forest park.

Organic carbon. The pool of carbon in road
dust is formed by soil particles containing
humus and organic compounds of
technogenic origin. In the traffic zone, the
composition of organic matter is dominated
by insoluble organic compounds, generally
not susceptible to destruction by soil
microorganisms, which increases their
accumulation. Sources of these compounds
are asphalt pavement and emissions from
industries and motor vehicles (Faure et al.
2000). In the recreational and residential
areas (forest parks and courtyards), the
organic matter usually consists of natural
fractions of humus (Lodygin et al. 2008); it
is possible that in wet conditions (as it was
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in summer 2017), the fungi mycelium was
an additional source of organic carbon
(Prokofieva et al. 2015). The increase in the
C,,, content in the forest parks is caused
by the decomposition of plant litter as a
natural source of C_ :in the courtyards, it is
associated with the application of organic

fertilizers (Vodyanitskii 2015).

The average content of Cog 1N road
dust of Moscow was 2.6% ranging from
2.2% in Eastern district to 3.1% in North-
Easterndistrict with the variation coefficient
up to 50% (Table 1, Fig. 4a). In dust of
different types of roads, the minimum
content of COrg of 2.0% was associated
with the major radial highways and large
roads; the maximum of 4.0%, close to the
background level of 4.1%, was observed in
the courtyards (Fig. 2), where organic matter
comes from soil particles that are blown
out from lawns and carried on wheels of
cars parked on bare ground. The lawn soils
have a high content of Cog and nutrients,
primarily nitrates (Kosheleva et al. 2018a).
The addition of organic matter also occurs
during idling of car engines responsible
for increased emissions of soot and other
organic compounds.

The C,,, contentin the road dust is positively
correlated with PM,, fraction, which is
partially derived from automobile exhaust

containing various organic compounds,
o roads o
1007 1007
90 90
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70 70
60 60
501 501
40+ 407
307 307
20 20
107 107
0- 0-
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including soot particles and lubricating oils
(Grigoriev and Kissel 2002). The fine particle
size fraction in the road dust also includes
fine topsoil particles (1-2 um), which are
blown out by moving vehicles (Gendugov
and Glazunov 2007). The smaller are the
particles, the greater is the likelihood of
them being blown out of the soil surface
and getting into the dust. This explains the
direct relationship between C and PM, .
The effect of pH on the C_ content (Fig. 2)
relates to the contribution of soil particles,
which, compared with  technogenic
material, have a more acidic reaction.

Particle size distribution.The granulometric
composition of the Moscow’s road dust
was fairly uniform; it mainly contains sand
(50-1000 um) and coarse silt (10-50 um)
fractions, consisting predominantly of
quartz and feldspar, respectively (Prokofieva
et al. 2015). There were no significant
differences in the particle size distributions
between the road dust samples collected
in different administrative districts and on
different road types; the differences did not
exceed 2-6% (Table 1, 2, Fig. 4b). Within the
district groups, the share of PM, in the road
dust varied depending on the type of roads
(Fig. 5). The road dust in Southern, South-
Eastern and South-Western districts and on
the large roads and the MRR was slightly
dominated by PM, , and PM, . fractions
(Fig. 5).

districts

E SE S SW W NW N NE C

B pPM1 [ PM1-5 [ PM5-10 [ PM10-50 [J PM50-250 B PM>250

Fig. 5. The particle size composition of the road dust on various types of roads and in
different administrative districts of Moscow. Types of roads are deciphered in Fig. 2.
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The dust with a high content of the PM, |
was typical for the Leningradskoye and
Yaroslavskoye Highways, some of the busiest
highways in Moscow, and for large roads at
some distance from TRR and the city center.
The PM,  content increases as a result of
daily congestion of vehicles with long idling,
which leads to an increase in emissions of
fine particles and soot. This is especially
pronounced in local depressions of the relief,
where the most favorable conditions for the
deposition of particles are formed.

The maximum content of coarse fractions
was observed on the medium and small
roads, as well as in Central, Eastern, South-
Eastern and South-Western districts. The
most likely reason for the predominance
of coarse fractions in the road dust of the
South-Eastern district is the coarse parent
material of Meshchera lowland; there, a flat
sandy plain is composed of fluvioglacial
sands and sandy loam (Kasimov et al. 2016).

Technogenic transformation of the
dust properties and the dust ability to
accumulate pollutants.

Physicochemical propertiesoftheroad dustin
the city are affected by technogenic sources.
The comparison of the road dust with the
dust sampled in the forest parks allowed us
to estimate the intensity of the technogenic
transformation of its properties (pH, EC,
Corg and the PM, S content) within Moscow.
However, a comprehenswe assessment
of such transformation is difficult due to
differences in the units of measurement and

the variability of the parameters studied. To
bring the heterogeneous data to a single
scale, physicochemical properties of the
road dust were normalized (Tikunov 1997):

where X, X are the initial and normalized
values of a property at the j-th sampling
point, respectively; X, is the background
value of the property in the dust of forest
parks; X_ is the extreme value of the
property (X__ or X ) most deviating from
the background valle X, Asarule X =X
IFIX_ =X > X |thenX 7Xm

Then the degree of technogenic
transformation (R) at the i-th sampling point
can be defined as the total value of the
normalized deviations of all parameters from
the background values of 2X’, where j is the
considered physicochemicar property (in
ourcasej=1,2,3,4). We set the approximate
gradations of R depending on its range in
the studyareaAR=R R (Table 3).

ax

max®

Analysis of the spatial distribution of R (Fig. 6a)
showed that the greatest transformation of
the physicochemical properties of road dust
was associated with the sections of major
radial highways located near the industrial
zones and bus depots: in Southern district —
it was the Varshavskoye Highway (electrical
substations, meat processing plant, bus and
trolleybus depots, factory for the production
of optoelectronic devices); in Eastern district
- Schelkovskoye Highway (HPP-23); in
Northern district — Dmitrovskoye Highway
(bus depot, mechanical plants); in North-
Western district — Volokolamskoye Highway
(bus depot, reinforced-concrete plant) and

Table 3. Levels of technogenic transformation (R) of the road dust physicochemical

properties
very low R<R_ +0.1AR R<0417
low R, tOTAR < R<R +0.25AR 0417 <R<0.776
medium R, T025AR<R<R +05AR 0.776 <R< 1374
high R, T05AR < R<R +075AR 1374 <R <1972
very high R, +075AR<R<R_ +0.94R 1972 <R<2330
extremely high R>R +09AR R>2330
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Zvenigorodskoye Highway (bus depot and
HPP-16); in Western district — Mozhaiskoye
Highway (HPP-25, wood processing plant,
champagne wines plant, beer and non-
alcoholic beverages plant); and in Central
district — the Garden Ring road.

An increase in the pH, Corg and the PM.,
contents in soils leads to the formation
of technogenic alkaline, organo-mineral,
and sorption-sedimentation geochemical
barriers (Vodyanitskii 2008, 2015), whose
capacity increases with the growth of
these parameters (Kosheleva et al. 2015).
Considering that roadside soils play an
important role in the formation of the
mineral part of road dust and supply

a significant amount of toxic chemical
elementsand compounds, anincrease in pH,
Corg and the PM,, content in the road dust,
as in other mineral components of urban
landscapes will contribute to the growth
of its accumulation potential in relation to
many HMMs.

To assess the spatial variability of the
accumulation potential of the Moscow's road
dust with respect to HMMs, the normalized
index Q = ZX’U was calculated, with j =1, 2,
X =X-X_)/X X The following
ranking categories were adopted for the
accumulation potential (Q) of road dust in
Moscow taking into account its range in the
studyarea AQ=Q, -Q_ (Table 4).

min

Table 4. Ranking categories of the accumulation potential (Q) of the road dust

Accumulgtion Limit values of O Ranking categories of Q for
potential Moscow
very low Q< Q, +01AQ Q<079
low Q_+01AQ <Q< Q,_ +025AQ 0796 < Q<1052
medium Q,, +t025A0<Q<Q_ +05AQ 1.052<Q<1478
high Q. t05AQ <Q< Q_ +075AQ 1478 <Q <1905
very high Q +075A0<Q< Q_ +09AQ 1.905<Q <2160
extremely high Q> Q_ +09A0Q Q>2.160

extremely high

km
9

Fig. 6.The degree of technogenic transformation (R) of physicochemical properties (a)
and the accumulation potential (Q) of the road dust (b)
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The spatial distributions of the two indices
- Q and R - differed for several reasons.
First, the calculation of Q did not take into
account the data on the EC of the aqueous
extract of the road dust, since the EC's effect
on the accumulation potential of mineral
components has not been sufficiently
studied.  Secondly, the accumulation
potential considers only the increase in
pH values and the content of C,, and
PM,, whereas the index of technogenic
transformation R summarizes  both
positive and negative deviations from the
background conditions.

The analysis of the Q index distribution
suggests the predominance of road dust
with high and average accumulation
potential in the traffic zone in all districts
of the city. Medium levels of technogenic
transformation and accumulation potential
were typical of the MRR and the TRR, which
is might be explained by rapid “regeneration”
of dust material as a result of frequent road
sweeping by municipal services. The largest
accumulation potential of the road dust was
detected in south of Moscow (along the
Varshavskoye Highway), in the south-east
(in courtyards and on medium-size streets
between the Kashirskoye and Besedinskoye
Highways), and in the north of Moscow
(along the MRR and medium-size streets
near the HPP-21, pipe plant, and fish and
meat processing plants).

CONCLUSIONS

The dust in the urban forest parks of Moscow
is mainly derived from the natural sources
with  minimal impact of anthropogenic
fallout. Formed mainly by soil particles, it has
the background properties most similar to
those observed in the upper horizon of zonal
sod-podzolic soils. It has neutral pH (average
7.1), low EC (70 uS/cm), high content of Corg
(4.1%) and a significant amount of the coarse
particle size fraction (> 250 um). The high
content of COrg in the forest parks is caused
by decomposition of plant litter.

The dust on the roads has a more alkaline
reaction (pH 7.4), high EC (211 pS/cm),
and lower content of C__ (2.6%), which is
explained by motor vehicles emissions and

the proximity to the industrial areas, as well
as with a large volume of DIAs applied. The
road dust is alkalinized by detergents and
particles formed by abrasion of roadways
and blown out from construction sites.
A three-fold excess of the EC over the
background values is mainly due to the use
of the DIAs and roadway maintenance. The
concentration of Cyy IN the Moscow’s road
dust is on average 2 times lower compared
to the background values. In the courtyards,
the increased content of Corg is associated
with the application of organic fertilizers. In
general, the road dust is composed mainly of
sand-size particles (50—1000 um) and coarse
silt (10-50 um) fraction. The variations in the
share of particle size fractions by districts
and different types of roads, as a rule, do not
exceed 2-6%.

The most significant factor determining
the physicochemical properties of the road
dust is the type of road. The dust on large
roads including TRR has higher pH, EC, and
PM. values, which is caused by the intense
traffic and, as a result, the greater amount
of particles formed through roadway and
vehicle wear. The content of C__in the road
dustisreduced due to the lower contribution
of soil particles. The spatial trends in the
dust properties across the city territory are
poorly expressed; to a large extent they are
masked by other factors such as proximity to
industrial zones and to large forest parks, the
DIAs composition, frequency of the roadway
cleaning and washing, and the contribution
of soil particles of various genesis in different
districts of Moscow.

The settling of airborne technogenic
substances in the traffic zone increases
the accumulation potential of the road
dust with respect to pollutants binding
compared to the dust of the forest parks.
The most pronounced transformation of the
road dust properties was found along some
segments of the major radial highways
that are located near the industrial areas
and bus depots, especially in Southern,
Eastern, Northern, North-Western, Western
and Central districts. In Southern, South-
Eastern and Central districts dust has the
greatest accumulation potential. Cleaning
roadways by municipal services reduces
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technogenic transformation of the road
dust properties and thereby diminish its
ability to bind pollutants, what is most
pronounced on MRR and TRR. Therefore,
regular cleaning of all types of roads,
including those in courtyards of residential
areas, is an effective measure to improve the
quality of urban environment by reducing
the level of its contamination with dust
and dust associated pollutants. Thus, these
results and the approved methodology for
studying the physicochemical properties
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of road dust can be useful in assessment of
urban environmental pollution, as well as
in planning and rationalizing activities for
cleaning streets from road dust.
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AEROSOL AND ITS RADIATIVE EFFECTS
DURING THE AERORADCITY 2018
MOSCOW EXPERIMENT

ABSTRACT. During the AeroRadCity-2018 spring aerosol experiment at the Moscow State
University Meteorological Observatory the aerosol properties of the atmosphere and
radiative aerosol effects were analyzed using a wide complex of measurements and model
COSMO-ART simulations over Moscow domain. The program of measurements consisted
of columnar aerosol AERONET retrievals, surface PM10, black carbon (BC) and aerosol
gas precursors mass concentrations, as well as radiative measurements under various
meteorological conditions. We obtained a positive statistically significant dependence
of total and fine aerosol optical depth (AOD) mode (R?~0.4) with PM concentrations. This
dependence has revealed a pronounced bifurcation point around PM10=0.04 mgm™.The
modelled BC concentration is in agreement with the observations and has a pronounced
correlation with PM, but not with the AODs. The analysis of radiative effects of aerosol
has revealed up to 30% loss for UV irradiance and 15% - for shortwave irradiance at high
AOD in Moscow. Much intensive radiation attenuation is observed in the afternoon
when remote pollution sources may affect solar fluxes at elevated boundary layer
conditions. Negative (cooling) radiative forcing effect at the top of the atmosphere from
-18 Wm™ to -4 Wm™ has been evaluated. Mean difference in visible AOD between urban
and background conditions in Moscow and Zvenigorod was about 0.01 according to
measurements and model simulations, while in some days the difference may increase
up to 0.05.The generation of urban aerosol was shown to be more favorable in conditions
with low intensity of pollutant dispersion, when mean deltaAOD550 was doubled from
0.01 to 0.02.
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INTRODUCTION

Atmospheric aerosol has a complex effect
on the biosphere. It significantly affects the
properties of the atmosphere, providing the
uncertainty of climate change and directly
affects human health increasing premature
mortality and reduction of life (IPCC
2013;  http//www.who.int/mediacentre/
factsheets/fs313/en/). Depending on its
optical and microphysical properties due to
the processes of absorption and scattering
of solar radiation, as well as through direct
interaction with the cloud elements, the
aerosol has different effects on temperature
and humidity conditions of the atmosphere,
thus determining the quality of the weather
forecast and influencing regional climate.
All these processes are exacerbated in
the urban environment, where aerosol
concentrations  significantly  increased
and their optical properties changed
dramatically. However, the estimates of
the aerosol effects have large uncertainty,
especially in the wurban environment
(Tegen et al. 1997; IPCC 2013). One of the
most important components of an urban
aerosol is black carbon (BC), a short-lived
climate tracer, which stands on the second
place in contributing atmospheric warming
after carbon dioxide (IPCC 2013). Due to its
properties BC significantly absorbs visible
irradiance thus significantly affecting net
shortwave radiation. Detailed studies of
BC were carried out in IAP RAS (Kopeikin
1998; Golitsyn et al. 2015), in Western
Siberia (Kozlov et al. 2016). There are several
approaches (see, for example, Kozlov et
al. 2008), in which BC measurements are
used for retrieving aerosol single scattering
albedo, which is one of the important
aerosol parameters for radiative transfer
(RT) modelling.

Different chemical,
and meteorological processes play an
important role in the urban aerosol
formation affecting total columnar aerosol
and, hence, furtherinfluencing the radiative
and meteorological characteristics (Vogel
etal. 2009, Chubarova et al. 2018). However,
there are still gaps in understanding the
reasons of various types of relationships
between ground-based and columnar

photochemical

aerosol content. In addition, urban aerosol
can change the absorbing properties of
the atmosphere of large megacities (see
for, example, Chubarova et al, 2011b).
For studying these effects mesoscale
atmospheric models with good temporal
and spatial resolution can be used. One
of them is the COSMO (COnsortium for
Small-scale MOdelling) mesoscale model
(http://www.cosmo-model.org/), which is
currently an operational weather prediction
model at the Hydrometeorological Centre
of Russia. The ART (Aerosols and Reactive
Trace gases) chemical model as a part of
COSMO model (Vogel et al. 2010) allows a
user to simulate the formation of secondary
aerosol and gives the opportunity to
quantify the rate of formation of new
particles in the polluted urban atmosphere
under different atmospheric conditions.

For understanding the physical processes
of generating different aerosol types and
their effects on solarirradiance, an intensive
measurement campaign  (AeroRadCity)
has been carried out in spring 2018
at the Meteorological ~ Observatory
(MO), of Moscow State University. The
AeroRadCity-2018 experiment included
both experimental and model aerosol and
radiation studies for better understanding
the role of a large megacity in generating
urban aerosol and evaluating its effects on
solar irradiance.

In this paper we focus on the following
tasks:

- Identification of the relationship between
meteorological  conditions  with an
additional characterization of the intensity
of the particle dispersion (IPD) and different
aerosol characteristics for quantifying the
relation between surface and columnar
aerosol loading.

- Evaluation of the aerosol radiative effects
in different spectral regions.

- Assessment of the urban component of
aerosol.

We analyze spring conditions since within
a relatively short period we could test all
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situations typical both for cold and warm
seasons including important biomass
burning episodes for studying a wide
variety of different aerosol properties and
their effects on solar radiation.

MATERIALS AND METHODS

The AeroRadCity-2018 experiment
observational campaign included a large
complex of measurements of different
surface and columnar aerosol properties,
aerosol gas precursors, as well as radiative
and meteorological parameters at the
Meteorological Observatory of Moscow
State University (MO MSU), (55.707°N,
37.522°, http://momsu.ru/english.html),
which is located at the territory of the MSU
Botanical Garden in the area of Vorobyovy
Gory (Vorobyovy hills) far from local emission
sources. MO MSU is qualified as an urban
background site (Chubarova et al. 2014). The
complex of aerosol measurements consisted
of columnar aerosol characteristics from
sun/sky CIMEL photometer installed at the
MO MSU roof as a part of the AERONET
program (Holben et al. 1998; Chubarova et
al. 2011a). The AERONET aerosol retrievals
included aerosol optical depth (AOD) within
the spectral range from 340 nm to 1020
nm, Angstrom exponent, fine and coarse
aerosol AOD modes at 500nm according to
the retrieval method described in (O'Neill
et al. 2001), single scattering albedo (SSA)
and aerosol factor of asymmetry (ASYM)
according to Dubovik and King (2000).
The measurements of columnar aerosol
characteristics were made in clear solar
disk conditions using the additional cloud-
screening filter described in (Chubarova et
al. 2016). The data from the latest version
3 with final instrument calibration (level 2)
were used for Moscow, and the data from
version 3 at level 1.5- for Zvenigorod site,
since no final data calibration is still available
there. However, according to the experience,
the correction usually does not exceed 0.01
AQOD in a visible spectral region.

Setup of instruments for real-time
equivalent black carbon mass concentration
measurements and PM sampling was
also installed at the MO MSU roof. Aerosol
equivalent BC concentrations (marked as

BC) were measured using the portable
aethalometer developed by the MSU/CAO
group (Popovicheva et al. 2019). In this
instrument, the light attenuation caused
by the particles depositing on a quartz
fiber was measured at three wavelengths
(450, 550, and 650 nm). BC concentrations
were determined by converting the time-
resolved light attenuation to BC mass
concentration at 650 nm and characterized
by a specific mean mass attenuation
coefficient as described in (Popovicheva et
al. 2017). The calibration parameter for the
BC mass quantification was derived during
parallel long-term measurements against an
AE33 aethalometer (Magee Scientific) that
operates at the same three wavelengths.

PM mass concentration with the diameter of
aerosol particles smaller than 10 um (PM10)
and aerosol gas precursors were measured
at the automatic station for air pollution
monitoring  with  20-minute  resolution
operated by the “Mosecomonitoring”
State Environmental Protection Agency
at the MO MSU. In particular, for the PM10
measurements, the TEOM 1400a instrument
(Thermo Environmental Instruments Inc/
USA) has been applied. The description of
other instrumentation can be found at the
Mosecomonitoring site  (http://mosecom.
ru).

Standard  meteorological  observations
(temperature, relative humidity, pressure,
precipitation, wind speed, and wind
direction) were taken from the automated
Vaisala weather station with 1-minute
resolution. Radiative measurements
included global shortwave irradiance (less 4
um) and ultraviolet (UV) irradiance over 300-
380nm spectral interval. Global shortwave
irradiance (Q) was obtained as a sum of
horizontal direct (by the M-3 actinometer)
and diffuse (by the M-10 pyranometer with
a shadow ring) radiation components,
that provided the best Q estimates. The
measurements of UV irradiance were fulfilled
by the UV-A-T Kipp&Zonen pyranometer
calibrated for measuring global UV radiation
over the 300-380nm spectral range (Q380)
during the Second International UV Filter
Radiometer Calibration Campaign UVC-
Il GAW regional UV calibration center at
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PMOD/WRC in Davos, Switzerland (http://
projects.pmodwrc.ch/bb2017/project.php).
All data were collected in the database
with 1-hour resolution. In some cases,
we also analyzed instantaneous aerosol
measurements. Figure 1 presents a view
of the main instrumentation used in the
experiment and the picture of MO MSU
location.

During the period of the experimental
studies the modelling of aerosol was carried
out with the help of the COSMO-ART
(Vogel et al. 2010; Vil'fand et al. 2017) model
with a 7 km grid. The COSMO-ART model
simulates chemical transformations of
gaseous substances, taking into account for
the aerosol chemistry. Chemical processes
in the atmosphere are represented by 172
reactions. COSMO-Ru7 was used as initial
and boundary conditions for meteorological
simulations. The data from Global Land
Cover 2000 project were used as land use
input parameters. The TNO (Netherlands
Organization for Applied Scientific Research)
inventory data were utilized to specify
anthropogenic  emissions of  polluting
substances. We fulfilled the numerical
experiments with different TNO emissions
for 2010 and for the 2003-2007 inventory
periods. Their spatial distribution for the
aerosol gas-precursors emissions for April
and May is shown in Fig. 2. It is clearly seen
that the latest TNO2010 inventory data are
much smaller than the old one. The main
experiments in this study were fulfilled with
the new TNO2010 emissions. However, some
tests were also made with the old 2003-2007
TNO. We should note that only urban aerosol
component was significant among other
modelling aerosol components. Hence, in

our estimations, the simulated aerosol can
be attributed as an urban aerosol. The 24-
48-hour COSMO-ART model forecast was
analyzed to have enough time for aerosol
generation. Mainly we studied surface BC
concentration, PM2.5 and AOD550 as well as
the important aerosol gas precursors.

RESULTS

The description of weather and optical
conditions during the experiment

The AeroRadCity-2018 experiment covered
the period from April 1 to 31" of May
2018. During this period monthly mean air
temperature was about 8.4°C in April and
16.7°C — in May, relative humidity comprised
54% and 51%, and precipitation - 34 and
45 mm, respectively. Their comparisons
showed higher air temperature (+2-
3°C), and lower level of relative humidity
(10%) and precipitation (7-10 mm) than
climatological values over the 1954-2013
period (Chubarova et al. 2014).

Table 1 presents the statistics on the
main gaseous and aerosol parameters in
the atmosphere of Moscow during the
experiment. One can see that AOD at 500
nm (AOD500) was 0.07-0.09 lower than
typical AOD for Moscow for these months,
while the PM10 concentrations (0.025
mgm=) were similar to climatological values
(0.022 mgm?) during spring (Chubarova et
al. 2014). On average, in Moscow, PM10
was found to be around 0.035 mgm? that
is comparable with their level at European
megacities (around 0.020-0.030 mg/ms)
and lower than in Asian megacities (0.05-
0.1 mg/m® (Climate of Moscow., 2017;

/ Spring aerosol campaign 2018 at Moscow State University Meteorological Observatory, Russih

S

Data:

* PM10

+ Meteorological observations

Mereopoaoruyeckas
obcepsaropusi MI'Y

* AERONET microphysical and radiative aerosol properties
* Solar irradiance in UV and shortwave spectral region

+ Portable acrosol station (Black carbon, PM10 sampling)
+ Chemical composition of acrosol and precipitation

Fig. 1. Main instrumentation used in the AeroRadCity experiment and the picture of
MO MSU
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Fig. 2. Emissions of gas-precursors according to the TNO 2010 and the TNO 2003-2007
inventory datasets
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Table 1. Characteristics of gaseous and aerosol parameters in the atmosphere of

Moscow during the period of the AeroRadCity experiment. April-May, 2018 o
Average 50%. Confidence intervals Minimum [Maximum| N case é
quantile at P=95% o
AOD500 0.14 0.11 0.01 0.06 05 194 0
AOD,, /AOD,%| 376 | 37.1 14 9.5 728 182 N
BC*, ugm? 1.16 0.9 0.07 0.01 8.1 712 g
PM10,mgm=> | 0.025 | 0.022 0.001 0.001 0.167 1458
BC/PM10%, % 5 443 0.27 0.06 61.8 708
SO,, mgm? 0.003 | 0.003 0.0002 0 0.043 1440
NO, mgm™ 0.044 | 0.032 0.002 0.008 033 1440
NO,, mgm~ 0.037 | 0.029 0.001 0.008 0.151 1440
CHx, mgm? 1.45 1.41 0.006 1.32 3.09 1390
CO, mgm?® 0.23 0.2 0.007 0.11 1.31 1440
é;g;gg:t‘ 117 | 118 0.031 035 1.56 194
\?éa;fg:tagﬂ 122 | 117 0.066 035 233 194
SSA675 0.86 0.85 0.046 0.81 0.95 7
ASYM675 0.626 | 0.645 0.051 0.546 0.677 7
Ozone, DU 356.94 | 353.28 4.63 314.58 44042 97

Note: statistics were obtained using hourly mean data for ground-based measurements (from
initial time step of 20 minute) and direct sun photometer retrievals (with AERONET standard time
step setup). Different case number is due to the absence of AERONET measurements in cloudy
weather and restrictions on evaluation of SSA and ASYM parameters. Ozone was obtained from
OM | satellite data.

*-averaging period from 19 of April to 23 of May 2019

Cheng et al. 2016; The Mosecomonitoring
Report 2017). The mean BC concentrations
(1.16 mkgm=) were similar to the typical
BC for the Moscow region (1.1-1.3 mkgm=)
according to (Koepke et al. 1997). However,
in (Kopeikin et al. 2018) the Moscow BC
concentration was found to be 3times higher
over the highways and central polluted
area of Moscow. According to (Emilenko
et al. 2018), by the end of 20 century the
BC concentration reached 7 mkgm? in the
polluted urban areas. The average 5% BC/
PM10 ratio obtained during the experiment
was at the upper limit, which typically was

smaller than 5%. Its ratio is higher (around
12%) in South America, parts of Africa,
Europe, South East Asia, and Oceania due to
anthropogenicinfluence, associated in some
cases with biomass burning (IPCC 2007).
On average, we can summarize that the
analyzed period was characterized by lower
total AOD and typical for urban background
conditions levels of the surface BC and PM
concentrations. The detailed analysis of BCin
Moscow for spring conditions 2018 can be
found in (Popovicheva et al. 2020).
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In order to resolve the effects of aerosol
advection and urban aerosol formation
processes, the entire period of the
AeroRadCity experiment was divided
into 12 synoptic sub-periods with quasi-
homogeneous atmospheric circulation
and meteorological conditions  with
similar air mass advection according to the
detailed analysis of synoptic conditions
and  24-hour backward trajectories
analysis. Since the concentrations of
aerosol and gas composition of the
atmosphere were also largely determined
by the turbulent conditions in the
boundary layer, in addition, the integral
quantitative parameter of the intensity of
the particle dispersion (IPD) was used in
the analysis. The method of its calculation
is described in (Kuznetsova et al. 2014). The
intensity of air dispersion is classified from
1 to 3 using a number of characteristics
including wind speed over 925-850 hPa
layer (approximately 1-1.5 km), the type
of atmospheric circulation, stratification
of the atmosphere and precipitation
conditions. For example, when the
IPD=1, the atmospheric conditions are
characterized by low wind speed, stable
stratification, the absence of precipitation,
that provides favorable conditions for
the pollution accumulation. On contrary,
high values of IPD=3 refers to unstable
temperature stratification, high wind
speed and possible intense precipitation

in the zone of the atmospheric front,
providing the atmosphere cleaning.

Fig. 3 presents the average values of several
columnar and ground-based aerosol
characteristics as well as the IPD indices for
the 12 sub-periods during the experiment.
One can see that the average IPD index
is higher than 2 for all sub-periods, that
indicates a rather rare frequency of
unfavorable meteorological conditions.
However, during the two periods --
April 11-16 and May 13-17 we observed
statistically significant smaller IPD values
due to the prevalence of conditions with
stable stratifications and low wind speed
in the boundary layer at the elevated
atmospheric pressure. One can see that
during these periods we have elevated
levels of both surface and columnar
aerosol including BC component. Note,
that during the period with low IPD index
the coarse/total aerosol ratio is getting
smaller possibly due to the favorable
processes of additional accumulation of
fine aerosol mode in urban conditions
(see Fig. 3). However, during the April 30-
May 5 sub-period elevated aerosol values
occurred in conditions with a high intensity
of particle dispersion. This happened due
to air advection from the South-West with
elevated levels of aerosol and biomass
burning aerosol loading from agricultural
fires during the May 1° holiday period.

—- 1PD —1-BC - T - AOD500 ratio (coarse/total) ——AOD500 (total) —— PM10 *10

T T T T T 0.45

3 T T T T
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Fig. 3. Average values of AOD at 500 nm, coarse/total aerosol AOD ratio, PM (mgm=)
and BC (mkgm) concentrations as well as the index of intensity of particle dispersion
(IPD) over the sub-periods of the AeroRadCity experiment
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The relationship between different
aerosol and gas aerosol precursors

The dependence of columnar AOD500 on
PM,, and BC values for different classes
of the intensity of pollutant dispersion is
shown in Fig. 4. One can see that for the
dependence of AOD500 versus PM10 (Fig.
4 A, B, C) the two types of relationships
with a bifurcation point around
PM10=0.04 mgm™ are observed. At high
surface PM10 concentrations usually
there is an increase in AOD500, but in
conditions with IPD=1, low AOD500 can
be also observed. This happens due to
the conditions of very stable stratification
of the atmosphere with accumulation
of urban secondary generated aerosol
particles near the surface. That means that
in such conditionsifwe analyze the climate
effects, even the effective generation of
aerosol near the surface will not play any
role for radiation and, hence, temperature
changes. However, when the AODS500
growth is observed due to the process
of the advection from the regions with
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elevated columnar aerosol loading the
stable stratification (i.e. low IPD index=1)
does not play a vital role. On average, we
have a statistically significant dependence
of AOD500 changes on PM10 for total and
fine AOD500 mode (R*=0.4 in both cases),
while no dependence is obtained for
coarse mode aerosol (Fig. 4C), since the
coarse mode is mainly located near the
surface due to larger mass of the particles.

There is no statistically significant AOD
dependence on BC concentrations.
However, we can see some small sub-
visible bifurcation point for total AOD500
at BC=1.5 mkgm?. Since the size of the BC
sample is not large and is smaller than for
other components, the studies should be
continued before making conclusions.

In order to understand the efficiency of
PM,, generation, we made comparisons
of surface BC dependencies on PM
concentration. The increase in PM10
due to BC was obtained according
to both the model and experimental
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Fig. 4. Columnar AOD500 and AOD500 fine and coarse modes versus PM10 (left
panel) and BC (right panel), for different classes of intensity of pollutant dispersion
(IPD)
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datasets (Fig. 5 A, D). There is also a high
correlation between modelled BC and
SO, concentrations (Fig. 5E). However,
according to the measurements, the
real SO2 concentrations are much lower
and no dependence is seen (see Fig. 5B).
This difference can be explained by the
overestimation of TNO SO, emissions in
Moscow. The main source of SO, is coal
fuel in power plants which is not usually
used in Moscow. A high correlation
between BC and NO, concentrations
obtained both in model and experiment
demonstrated similar sources of emissions
from diesel fuel in motor vehicle transport
(Fig.5C, F).

Radiative effects of aerosol

In order to reveal the sensitivity of solar
irradiance to aerosol, we analyzed the
dependence of ultraviolet and global
shortwave irradiance on aerosol optical
thickness for clear sky conditions. To
excludethesolarangledependenceandto
evaluate the aerosol effects, radiation was
normalized on the corresponding valuesin
the molecular atmosphere. We added the
analysis for the UV spectral region 300-380
nm with the effective wavelength at 345
nm, since it is more sensitive to the effects
of aerosol and urban gas absorption and at
this wavelength, is not practically sensitive
to ozone. However, we made the account
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Fig. 5. The BC concentrations versus PM,  at different IPD conditions according to
measurements (left panel) and COSMO-ART modelling (right panel)
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for ozone for UV irradiance according
to OMI satellite dataset, which is of few
percents, and to water vapor content for
shortwave irradiance according to the
standard AERONET retrievals. Figure 6
presents the dependence of normalized
global shortwave and UV irradiance
Qaer/Omol, % on AOD according to
observations and simulations  using
radiative transfer (RT) DISORT model with
different single scattering albedo (SSA).
One can see a pronounced dependence
with up to 30% loss for UV irradiance and
15% for shortwave irradiance. However,
this strong attenuation, especially for UV
irradiance, was not reproduced by the RT
modelling. When dividing the dataset into
morning (before 13:00) and daytime (after
13:00) samples, all low observed values
were found in the daytime sample. This
result may be due to the fact that the MO
MSU is a fairly "clean" site located far from
the sources of local pollutant emissions,
which are mainly observed at highways
and near local points of pollution. In the
morning, convective mixing is very weak,
so the pollutants are near the earth's
surface and do not affect irradiance, while

100%
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0 0.2 0.4 0.6 0.8
AOD380

® UV measurements before 13:00
—e—model with ssa08
—o—model with ssa09
——model with ssa098

e UV measurements after 13:00

in the afternoon the convection increases
and the polluted air with stronger
absorption reaches higher levels affecting
even urban background sites. We should
mention that AERONET data provide all
aerosol properties for visible and near
infrared range but no retrievals on single
scattering albedo are available for UV
spectral region, where these effects are
most strong. In addition to black carbon,
there can be other types of urban aerosol,
i.e., organic carbon aerosols, which have
effective absorption in UV (Kirchstetter et
al. 2004; Kazadzis et al. 2012). For example,
during forest fires in 2010, we have a
dramatic decrease in UV irradiance due to
high emissions of organic aerosol matter
(Chubarova et al. 2012). In addition, we
examined the dependence of the SSA
retrievals in a visible part of the spectrum
on the BC/PM ratio according to our
observations. However, due to lack of
statistics we were not able to find any
dependence, which had been obtained in
the previous work (Kozlov et al. 2008).

For different sub-periods, where clear sky
conditions were observed, we evaluated
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Fig. 6. The dependence of normalized UV (left) and shortwave (right) irradiance (Qaer/
Qmol, %) on aerosol optical depth according to observations and radiative transfer
DISORT model. Clear sky conditions

Note. The UV model values were simulated taking into account for the ozone using the OMI
satellite data. For shortwave irradiance we accounted for the same water vapor content which
was inferred from AERONET standard retrievals. All values were corrected to mean solar-earth
distance. The measurements during the first part of the day before 13:00 are shown by orange (left

panel) and red (right panel) dots
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aerosol radiation forcing effects (RFE) at
the top (TOA) of the atmosphere. The RFE
is determined following the equation:

RFE,, =- (Fnet,a,TOA - Fnet,o,TOA M (M
where F

i, and Fn_ are the net radiation
at TOA with and without aerosols,
respectively.

Fig. 7 presents RFE at TOA and columnar
aerosol characteristics (AOD at 500 nm,
single scattering albedo (SSA at 675nm)
and aerosol factor of asymmetry (ASYM
at 675nm) for different sub-periods in
clear sky conditions. The RFE is negative
for all periods that provides a cooling
effect. It varies from -18 Wm= during 11-
16 April, 2018 to -4 Wm™ during May 6-12,
2018 period due to a substantial decrease
in AOD and the conditions with slightly
absorbing aerosol (SSA is higher 0.8 for all
cases). We also should mention that due
to prevalence of smaller aerosol particles
we have a smaller factor of asymmetry
which can lead to additional cooling
effect. Our previous studies we also
demonstrated the decrease in surface
temperature due to such kind of aerosol
is about -0.1...-0.2°C (Chubarova et al,
2018).

Urban aerosol effects over Moscow
domain area

We also analyzed, how the modelled
urban PM concentrations contribute
to the difference in AOD values on the
example of Moscow and Zvenigorod
(Moscow suburb, background
conditions) sites. The Zvenigorod site is
located 55 km to the west of Moscow
in the upwind direction. This point
was chosen since long-term AERONET
measurements have been in operation
there at the Zvenigorod Scientific Station
of Institute of Atmospheric Physics
RAS. The comparisons were made for 4
days (15/04, 3/05, 8/05 and 9/05) with
different  meteorological  conditions,
when we have large AOD statistics from
measurements.

Fig. 8 shows the difference in AOD550
and in PM concentrations between
Moscow and Zvenigorod only due to
urban aerosol generation for different
meteorological regimes according to
the COSMO-ART modelling. One can see
that according to model results, we have
a substantial increase in AOD550 up to
0.05 due to an urban component with
an increase in urban PM. No dependence
on IPD regimes is seen. The comparison
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Fig. 7. Aerosol radiative forcing effect (RFE) at the top of the atmosphere and aerosol
characteristics (aerosol optical thickness - AOD, ASYM - factor of asymmetry, SSA -
single scattering albedo) in clear sky conditions
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of modelled and experimental data
are presented in Fig. 9, where the
deltaAOD550  difference is  shown
between Moscow and Zvenigorod versus
observed PM concentration in Moscow
for different meteorological conditions.
We clearly see the effects of stable IPD=1
regime on positive urban bias in the
observed AOD550. In other IPD regimes,
experimental data show both positive
and negative differences in AOD550 due
to variations in natural aerosol advection.
According to modelled data, we see in
all cases the increase in AOD in Moscow
since we do not take into account natural

we should mention that the level of
modelled PM concentrations in Moscow
is only of urban origin and, hence, is
significantly lower than the observed
ones.

The application of different emission
inventories provides some differences
in AOD550 simulations. We made the
estimates for two days (8 and 9 of
May, 2018), which have revealed that
on May 8" the old TNO2003-2007
inventory provided an overestimation
of AOD550 difference between Moscow
and  Zvenigorod (deltaAODSSOmodelz

aerosol in these experiments. In addition, 0.055 against deltaAOD550,, . =0.03),
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Fig. 8. The dependence of difference in AOD550 (delta AOD550) on difference in
PM concentrations (delta PM) between Moscow (MOMSU, urban conditions) and
Zvenigorod (background Moscow suburb conditions) for different meteorological
regimes according to the COSMO-ART modelling
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Fig. 9. The difference in AOD550 between Moscow and Zvenigorod (Moscow suburb)
as a function of PM concentrations in Moscow for different meteorological IPD
regimes according to the COSMO-ART modelling and experimental data

while a new TNO2010 was
much closer to measurements
(deltaAOD550__, =0.023). For May 9"

the old TNO demonstrated a better
agreement (deltaAODSSOmode‘:0.0w
against deltaAOD_,__ =0.017) compared
with  the new TNO2010 inventory
(deItaAODS50m0d8|:0.007). However, the
difference is rather small and lies within
the uncertainty of measurements and

modelling.

On average, the observed difference
between Moscow and Zvenigorod delta
AOD550 comprises 0.01 reaching 0.02 at
IPD=1 for both the results of modelling
and observations (Fig. 10). A smallerrange
of changes in modelled delta AOD550 is
observed since no natural variation of
aerosol is taken into account in these
numerical  COSMO-ART  experiments,
when mainly urban component of the
AOD was calculated with negligible
contribution of biogenic aerosol (Fig.
10A). The simulated BC concentration
is in agreement with the observed

concentration for urban background
conditions over the MO MSU (Fig. 10B).
The modeled PM concentrations are
much lower than the results obtained
from observations since they do not
account for natural aerosol components
(Fig. 10Q). We should emphasize that
similar results of about 0.02 for delta
AOT500 were obtained in our previous
direct comparisons between Moscow
and Zvenigorod (Chubarova et al. 201 1b).
However,in Berlin,much higherdifference
was obtained when deltaAOD= 0.08 (Li et
al. 2018) according to MODIS (MYD04_3K
and MYD11_A1) dataset, which might
be explained by not full accounting for
higher reflectance over the city in the
MODIS algorithm. For Warsaw (Poland)
conditions, despite much smaller size
of the city, the difference is also about
0.02 according to ground based sun
photometer measurements (Zawadzka
et al. 2013), possibly due to much higher
emissions of SO,, which are negligible in
Moscow. We should also mention that
the level of anthropogenic emission in
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Moscow is getting lower during the last
decade (Bityukova and Saulskaya, 2017),
that causes relatively small AOD increase
over the city.

In order to analyze the distribution of
urban aerosol over Moscow area, the
charts with 7 km grid were made for
different days over the whole Moscow
district. As an example, Fig. 11 shows the
urban aerosol spatial variation for April
15, 2018 for 10" local time. One can see
a pronounced high PM concentration
over central Moscow with an aerosol
plume towards North-East due to

07:00 15APR2018 (UTC): SOOT (BC), pg/m3, 0-10m level

07:00 15APR2018 (UTC): PM2.5, jig/m3, 0-10m level

wind predominant direction shown in
Fig. 11B. One can see much higher BC
concentrations simulated along the
highways and over the center of Moscow.
The simulated urban AOD550 has also
the maximum over the center of Moscow
with some plumes over local south-
eastern and east areas due to aerosol
effective generation over these areas.

DISCUSSION AND CONCLUSIONS

The AeroRadCity-2018 spring experiment,
organized at the MO MSU and accompanied
by COSMO-ART numerical experiments,

07:00 15APR2018 (UTC): AOD550, column

=

Forecast on 31h from 00:00 LAPR20IS (LTC)
COSMO - RU/ ART 7k

Forecast on 31h from 00:00 LIAPR201S (UTC)
COSMO - RU/ ART 7k

o036

20

Forecast on 31h from 00:00 LIAPR20IS (UTC)
COSMO - RU/ ART 7km

Fig. 11. The spatial distribution of surface BC concentration (A), PM concentrations
(B), and AOD550 (C) over Moscow and Moscow suburbs according to the COSMO-ART
model simulations. April 15, 7" GMT (10h local time)
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provided data which joint analysis helps
in understanding the processes of aerosol
pollution over Moscow megacity. With a
large complex of measurements including
surface and columnar aerosol characteristics
as well as BC concentrations and radiative
measurements in different spectral ranges,
a detailed study of the observed variations
in aerosol and their radiative feedback has
been performed.

The analysis of the dependence between
AOD500 and PM,  has revealed the two
types of relationships with a bifurcation point
around PM10=0.04 mgm=. We showed that
usually at high PM10 the elevated AOD500
values are observed due to both natural and
urban aerosol, but at specific meteorological
conditions (IPD=1) the increase in PM can be
observed at very low AOD500 level due to
conditions of very stable stratification and
urban aerosolaccumulation near the surface.
The detailed analysis of AOD500 relationship
with PM, /concentrations revealed a positive
statistically significant dependence for total
and fine AOD500 mode (R’=04 in both
cases) while no dependence is obtained
for coarse mode aerosol. No statistically
significant AOD dependence was obtained
with BC concentration and BC/PM10 ratio.

However, high correlation was obtained
pbetween PM and BC concentrations
according to both model and experimental
data, which can be attributed to the
important role of BC in PM formation. We
also obtain a high correlation between
modelled BC and SO, concentration, which
was not confirmed by measurements with
much lower observed SO, concentrations.
The main source of SO, is coal fuel for power
plants, which is not usually used in Moscow.
Hence, this difference can be explained by
the overestimation of TNO2010 inventory on
SO, emissions in Moscow. A high correlation
between BC and NO, concentrations
demonstrated similar sources of emissions
from diesel fuel in motor vehicle transport.

The analysis of radiative effects of aerosol
has revealed up to 30% loss for UV irradiance
and 15% for shortwave irradiance at high
AODS500 in Moscow. However, this strong
attenuation, especially for UV irradiance,
was not reproduced by RT modelling. We
show that situations with strong attenuation
relate to the daytime sample, which can
be explained by additional effects of more
effective afternoon convection at higher
level affecting solar irradiance due to
increasing absorption. However, the revealed
dependence should be studied more on
larger statistics at different meteorological
conditions. We also obtained a negative
radiative forcing effect at TOA for clear
sky conditions which lead to the cooling
of the atmosphere and earth surface. The
significant decrease in its absolute values
from -18 Wm to -4 Wm is explained by the
decrease in AOD500 and, to some extent, by
aerosol factor of asymmetry due to decrease
in aerosol particle size.

On average, the modelled and observed
difference in AOD550 during the period of
experiment was about 0.01, but in some
days deltaAOD550 may increase up to 0.05.
We have shown that the generation of urban
aerosol is more favorable in conditions with
IPD=1, when from both measurements and
modelling we obtained deltaAOD550 of
about 0.02. The modelled BC concentrations
were in agreement with the observed data,
however, the PM concentrations were much
lower due to not accounting for natural
aerosol contribution.
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MERCURY POLLUTION IN SNOW COVER
AROUND THERMAL POWER PLANTS IN
CITIES (OMSK, KEMEROVO,

TOMSK REGIONS, RUSSIA)

ABSTRACT. Although snow cover is studied as an efficient scavenger for atmospheric
mercury (Hg), up to now little is known about Hg behaviour in urban snow cover
impacted by thermal power plants (TPPs) during the winter heating season. This study is
focused on quantification of Hg in the particulate phase in snow cover and estimation of
atmospheric particulate Hg (Hg") depositional fluxes around urban TPPs in cities of Omsk,
Kemerovo, Yurga, Tomsk (the south part of Western Siberia, Russia) to provide new insight
into Hg occurrence in urban snow. The results demonstrate that the mean Hg content
in the particulate phase of snow varied from 0.139 to 0.205mg kg™, possibly depending
on thermal power of TPPs and fuel type used. The estimated mean atmospheric Hg”
depositional fluxes ranged from 6.6 to 73.1 mg km? d'. Around thermal power plants
atmospheric Hg” depositional flux was controlled by particulate load. Higher Hg contents
inthe particulate phase of snow and higher atmospheric Hg” depositional fluxes observed
in relation to the background values, as well as high enrichment factors determined for
Hg in the particulate phase of snow relative to the mean Hg content in the Earth’s crust
showed that the snow pollution with Hg is of anthropogenic origin. The coexistence of
Hg and S observed for the particulate phase of snow indicated the possible presence of
mercury sulfide in this phase. The parameters like Hg content in the particulate phase
of snow and Hg" atmospheric flux can be used as markers for the identification of coal
combustion emission sources.
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INTRODUCTION

Snow cover is a natural ground cover in
the winter season in several regions (e.g.
Siberia, Russian Far East, southern Canada,
central and northern Europe) and it is an
efficient scavenger of air pollutants caused
by fuel combustion, emissions of industries,
vehicle exhaust as well as by long-range
transport events. Wet and dry deposition
of contaminants results in snow cover
pollution (Davidson et al. 1996). Therefore,
snow cover is the subject of many studies
as a reliable indicator of air pollution, and
it can provide information on sources of air
pollutants (Raputa et al. 2010; Baltrénaité
et al. 2014; Yanchenko et al. 2015; Gao et al.
2018).

Mercury (Hg), as one of the greatest toxic
trace elements (Tchounwou et al. 2003),
can be accumulated in snow cover (Ferrari
et al. 2002; Siudek et al. 2014; Douglas et
al. 2017), both in inorganic (Ferrari et al.
2002) and organic form (Marusczak et al.
2011) impacting negatively the aquatic and
terrestrial ecosystems after snow melting
(Wiener et al. 2003). Up to date, many
studies have paid attention to Hg content
and speciation in polar (Fitzgerald et al.
1991; Douglas et al. 2017) and mountain
snow (Ferrari et al. 2002; Huang et al. 2014)
to identify Hg sources and to obtain the
information on the past and recent changes
in the global cycle of this element. Some
researchers (Boutron et al. 1998; Gratz and
Keeler 2011) indicated that Hg deposition in
snow cover in polar and mountain regions
could be due to long-range transport of
compounds emitted from coal combustion.

The total mercury concentration in urban
snow was evaluated within several studies
in Toronto (Brzezinska-Paudyn et al. 1986),

Maine (Nelson et al. 2007), Shanghai
(Zhang et al. 2013), Gdynia (Siudek et al.
2014), Svirsk (Grebenshchikova et al. 2017),
Ursk (Gustaytis et al. 2018) and Moscow
(Galitskaya and Rumyantseva 2012). Some
researchers (Nelson et al. 2007; Galitskaya
and Rumyantseva 2012; Zhang et al. 2013;
Siudek et al. 2014) revealed that during
winter season the combustion of coal,
which is still applied in numerous countries
for the energy generation irrespective of
negative impact on the climate, caused
high Hg contents in snow cover within
the urban areas. Additionally, Zhang et al.
(2013) indicated that biomass combustion,
heavy local traffic emissions and secondary
aerosols also contributed to Hg deposition
in snow cover. However, much less is
known about Hg speciation and behavior
in snow cover around urban coal-fired
thermal power plants (TPP), being the
main emission source of anthropogenic
Hg in the world (UNEP 2013). Coal
combustion emissions include three forms
of Hg: (i) gaseous elemental mercury (Hg°)
representing much frequently (> 95%)
occurring form of Hg; (i) bivalent reactive
gaseous mercury (Hg?") and (i) particulate
mercury (Hg") (Galbreath and Zygarlicke
2000). Generally, emissions can be
transported locally, regionally, and globally
and then deposited at any distance from
its sources (Nelson et al. 2010; Raputa et al.
2010; Antonova et al. 2019). Emissions of Hg
into the air significantly affect snow cover
chemical composition (Siudek et al. 2014;
Siudek 2016). It is important to assess snow
pollution by Hg with great clarity at regional
and local scales. Chemistry of Hg during
wintertime is of crucial interest (Siudek
et al. 2014), particularly in cold climatic
regions with long wintertime heating
season. According to Kim et al. (2012), after
emission, gaseous mercury can adsorb onto
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the fine particles in the air. It is expected
that the association with particulate phase
can facilitate the deposition of Hg, e.g. in
SNOw cover.

Anthropogenic Hg emission increases during
the winter season since TPPs operate more
intensively in this period (Siudek et al. 2014).
This is especially relevant for urban areas of
Western Siberia, where more than 30% of
Hg emissions originate from coal-fired TPPs
(Arbuzov et al. 2015) and Hg is accumulated
in snow cover during a long winter season.
Although the large amounts of fine Hg”
were observed in the ambient air during
the winter season in urban and rural areas
(Kim et al. 2012) and most of Hg in snow
cover was associated with particulate matter
(Huang et al. 2014), there are still some gaps
with respect to quantification of Hg” in
snow cover, particularly near to the emission
sources (Nelson et al. 2010) such as TPPs.

Systematic studies on Hg” in snow cover
within urban areas impacted by TPPs
are necessary to understand better the
chemistry of emitted and deposited Hg, to
obtain knowledge about atmospheric Hg”
depositional fluxes during winter season,
and finally to assess potential human health

[ National Capital (10,110,000 1 2002)
O over 4,000, studied
O over Lm,:mjd"es

© over 1,000,000

o over 500,000

o ofher main cily

.+ other cily

risk. The importance of further studies on
Hg" in snow cover is also supported by our
earlier research finding showing that around
fossil fuel TPP (Tomsk, Western Siberia) Hg
was predominantly associated with the
particulate phase in snow cover, representing
78 % of total Hg (Talovskaya et al. 2014).

The aim of this study is to provide new
insight into the occurrence of Hg” deposited
in snow cover around urban thermal power
plants representing the predominant source
for Hg emissions in such cold climatic
region as Western Siberia (Russia). The more
specific objectives are (i) quantification of
Hg contents in the particulate phase of
snow cover, (i) estimation of atmospheric
Hg" depositional fluxes, (iii) identification of
Hg-bearing particles in snow cover, and (iv)
assessment of TPP contribution to the Hg®
snow cover pollution.

MATERIALS AND METHODS

Description of study area

As shown in Fig. 1, the study area included
the following large cities: Omsk, Kemerovo,

Tomsk and small city of Yurga, located in the
south part of Western Siberia, Russia. These

RUIAN FEDEIA‘I'ION
Fig. 1. Location of studied cities (Western Siberia, Russia; source: maps open source,
modified)
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cities belong to the industrially-impacted
areas where thermal power plants are
working during whole year operating more
intensively in the wintertime heating season.
Moreover, TPP areas are embraced inside a
dense urban network, indicating that TPP
emissions can diffuse over the urban areas
and reach residential districts. The climate
varies from a moderate (Omsk) to humid
(Kemerovo, Yurga and Tomsk) (open source:
Wikipedia). The air temperature ranges
from =9 to -40°C in the winter season. The
prevailing winds through the year come
from both the South-West and South. Snow
typically covers the ground from November
to mid-April (@bout 6 months), and its depth
is 60-70 cm.

Thermal power plants

For this study, we selected four urban thermal
power plants close to the community
infrastructure and residential districts: (i)
Omsk coal-fired (TPP-1), (ii) Kemerovo coal-
fired (TPP-2), (iii) Yurga coal-fired (TPP-3), and
(iv) Tomsk fossil fuel (TPP-4) thermal power
plants. The characteristics of these thermal
power plants are summarized in Table 1,
showing operating conditions, stack heights
and specification of the fuel type used (open
access Internet data). Each TPP has two stacks
of different heights (except TPP-4 having the

same heights) that can disperse pollutants
around TPPs and over large areas with the
main wind direction.

The coal used at the studied TPPs contains
Hg as atrace element (Table 1). Itis necessary
to note that the Russian coal classification
system used in this study is based on the
technical grade of the coal applied in the
energy industry (Russian State Standard
25543-88).The coal of grade D from Kuznetsk
Basin (Russia) is used at the TPP-2, TPP-3,
and TPP-4, and the coal of grade SS from
Ekibastuz Basin (Kazakhstan) is applied at
TPP-1. The coal of grade D is used as high-
reactivity power fuel, while the coal of grade
SS belongs to low-reactivity high-ash coals.
The predominant energy fuel for the TPP-4 is
coal (75-90 %) and natural gas (10-25 %).

Sampling and sample preparation

To identify the impact of TPPs on the
ambient air quality, the sampling sites were
selected in the North-East and the North
areas surrounding each plant, according to
the prevalent wind direction (Table 2). In
these areas, the sampling sites were located
at a distance of 0.6 to 4.5 km from the plant.
Additionally, for the selection of sampling
locations following factors were considered:
(i) extension of emissions depending on

Table 1. Characteristics of urban thermal power plants and fuel type used (large cities
in Western Siberia)

Thermal |Thermal Specification of coal (Zharov et al. 1996)
.| Two stack
power | power, | Capacity, heiahts
plantin | Gcal/ MW gnts, type ) Hg
large cities| hour m Grade | Deposit | A9, % content,
mg kg’
Omsk 180 and Ekibastuz
(TPP-1) 1763 695 75 SS Basin 36-52 012
Kemerovo 180 and Kuznetsk
(TPP-2) 1540 485 10 D Basin 7-20 0.08
Yurga 58and Kuznetsk
ap3) | 2| O] 00 ° | Basin | 7| 008
100 of | coal,
Tomsk | g5 | 337 | each |nawral| D MUKl 70 | 008
(TPP-4) stack Basin

Note: source: data open source; AY — fuel ash content on dry basis
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the operating conditions and stack heights
(Russian State Standard for air pollution
control RD 52.04.186-89); (i) flat terrain; (iii)
sampling site accessibility; (iv) vicinity of
community infrastructure and residential
areas; (v) distance from roads and other
emission sources; (vi) high snow pollution
with deposited airborne particles (Osipova et
al. 2015). Table 2 demonstrates the sampling
site distances from the studied TPPs. In
total, samples from 28 sampling sites were
collected around the studied plants.

Samples were collected and prepared in
accordance with the Russian State Standard
for air pollution control (RD 52.04.186-89)
and several studies (Williamson et al. 2008;
Galitskaya and Rumyantseva 2012; Kasimov
et al. 2012; Filimonova et al. 2015; Yanchenko
et al. 2015; Grebenshchikova et al. 2017;
Taraskevic¢ius et al. 2017; Gustaytis et al.
2018). To obtain the representative data on
atmospheric Hg snow cover deposition rates
during the winter season, snow sampling
was performed at the end of February, before
the beginning of the snowmelt period.

Snow samples were collected from a snow pit,
along the vertical profile from the top of the
snow pack to at least 5 cm above the ground
in order to avoid sample contamination with
soil. Pit size was 45x50 cm. The snow samples
were stored in polyethylene bags. Sample
weights varied from 17 to 18 kg. This amount
of snow was necessary to obtain a sufficient
amount of particulate matter deposited
in snow. The samples were melted inside
of clean closed plastic containers at room
temperature. After melting, meltwater was
immediately filtered through pre-weighed

1-25 um Blue Line cellulose non-ashen
filters (Russian State Standard 12026-76 for
laboratory filter paper) retaining the solid
particles bigger than filter cut-off. Then, the
filters with particulate phase were dried at
room temperature and, finally weighed. The
fraction isolated by this method is called in
this work as ‘the particulate phase of snow’
The weighing of filter before and after
filtering of samples enabled the calculation
of particulate load (P ) (mg m™d").

Hg analysis in the samples

The particulate phase of snow was analyzed
by atomic absorption spectrometry (AAS)
with pyrolytic volatilization and scanning
electron microscopy (SEM) equipped with an
energy dispersive X-ray spectroscopy (EDX)
in the laboratories of the Uranium Geology
International Centre, Tomsk Polytechnic
University (TPU), Russia. The Hg analysis was
carried out under dust free conditions.

AAS with pyrolytic volatilization

The content of Hg” in the samples was
measured by AAS with pyrolytic volatilization
using an atomic absorption spectrometer
RA-915+ with pyrolyzer PYRO-915 (Lumey,
Russia) and software package RA915R. In
samples, Hg compounds were atomized at
850°C in a cuvette connected with an open
absorption cell. For each sample, 150 mg
of particulate phase obtained by filtration
method described above was taken for Hg
detection. Three replicate measurements
were performed for each sample. From
replicates, average contents of Hg in each
sample of the particulate phase of snow (mg

Table 2. Sampling site distances around urban thermal power plants located in cities
(Omsk, Tomsk, Kemerovo region, Western Siberia)

Thermal Number of
power North-east area, km North area, km sampling
plant sites
TPP-1 1 075] 15 | 35 | 45 - 0751 15 | 20 - - 7
TPP-2 | 06 | 11 | 18 |23 |27 |39 ]| - - - - - 6
TPP-3 | 06 | 1.1 - - - 06 | 12118 - - 5
TPP-4 [ 073110 | 13 | 16| 2 06 109 | 14 |18 | 21 10

Note: description of TPPs are given in Table 1
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kg') were calculated. The detection limit
of the method for Hg quantification in the
particulate phase of snow was 0.005 mg kg
and analytical precision was within 20-28%.

SEM-EDX

SEM-EDX analysis was used to determine
Hg-bearing particles in the samples
collected at ca. 1 km to the North-East and
the North of each TPP. The selection of the
sampling distance is based on the results of
our previous study where we observed an
accumulation of physically and chemically
absorbed mercury in a particulate phase of
snow sampled in 1.3 km from Tomsk fossil
fuel thermal power plant (Filimonenko at al.
2014).

Morphological characteristics, size, and
element analysis of individual particles were
performed by SEM (Hitachi S-3400N SEM,
Japan) equipped with an EDX (XFlash 4010
detector, Bruker AXS Microanalysis GmbH,
Germany). First, each sample was fixed on a
carbon tape with a surface area of 25 mm?
for carbon coating. Then, a very thin film
of carbon was deposited on the surface
of each sample using the high vacuum
method, resulting in electrically conductive
samples. The working conditions of SEM
measurements were: 20 kV accelerating
voltage, 30 s spectral acquisition time, and
10 mm working distance. SEM images were
acquired at a magnification of 500x. EDAX
Esprit software was used for the quantitative
analysis of individual particles. The weight
percent of each element was determined
from the EDX spectrum. To reveal Hg-bearing
particles, approximately 150 particles were
analyzed in each sample.

Data analysis

STATISTICA 8.0 software was used to calculate
the mean values and standard deviations as
well as to reveal the statistically significant
differences between groups applying the
Kruskal-Wallis non-parametric test (when
comparing more than two groups).

Following indexes were calculated to assess
Hg" snow cover pollution:

The concentration coefficient representing
the level of element enrichment in the
particulate phase of snow in relation to the
background content was determined using
equation 1 (Galitskaya and Rumyantseva
2012; Kasimov et al. 2012; Filimonova et al.
2015; Taraskevicius et al. 2017; Gustaytis et
al. 2018):

k=5 M)

Cb

where, K_is the concentration coefficient;
Cisthe element content in the particulate
phaseofsnovv(mg kg™);C, isthebackground
element content in the particulate phase of
snow (mg kg™'). The background content of
Hg in the particulate phase under Western
Siberia conditions (IAO SB RAS at Fonovaya
Observatory (Antonovich et al. 2018))
equals 0.08 mg kg™ (Talovskaya et al. 2012).

The element load was calculated to
evaluate the atmospheric Hg” depositional
flux (equations 2-3) (Galitskaya and
Rumyantseva 2012; Kasimov et al. 2012;
Filimonova et al. 2015; Taraskevicius et al.
2017; Gustaytis et al. 2018):

E=CrP, @
p= F, 3)
" Sxt

where, £ is the element load (mg km™~ d");
C is the element content in the particulate
phase of snow (mg kg™); P_is the particulate
load (mg m™ d7); P_is the mass of the
particulate phase (mg); S is the square of
snow pit (m?); tis the time representing the
stable snow cover formation duration up to
sampling day (d).

The coefficient of element load is shown as
the ratio of element load to the background
element load (equation 4) (Kasimov et al.
2012):

K =L 4)
E[b
where, K is the coefficient of element

P
,, 15 the background element load.
The background Hg load under Western
Siberia conditions (IAO SB RAS at Fonovaya
Observatory (Antonovich et al. 2018))
equals 1.2 mg km? d' (Talovskaya et al.
2012).

load; £
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The enrichment factor (EF) of element in
particulate phase of snow relative to the
Earth’s crust (Shevchenko et al. 2003), was
calculated using equation 5:

(C./ Cy,) particulatephaseofsnow )
(G /Cy)

where, C is the element content (mg kg™); C,,
is the scandium content (mg kg™).

EF =

Usually, Al, Si, Ti, Sc or Fe are used as
reference elements, since crustal material
contains these elements in high amounts,
they are characterized by low occurrence
variability, and are not significantly affected
by contamination (Saur and Juste 1994). In
this study, Sc was chosen as the reference
element for the EF calculation. The content
of Sc (15.6 mg kg') and Hg (0.065 mg kg™)
in Earth's crust was chosen from the study
of Grigor'ev (2009). The content of Sc in the
particulate phase of snow was measured
by instrumental neutron activation analysis
(neutron research reactor IRT-T in the Physical-
Technical Institute of TPU, y-spectrometer
Canberra with Ge-detector, USA) in the
laboratory of Uranium Geology International
Centre, TPU.

It can be stated that, if K, KD, and EF values
are higher than 1, mercury could be of
anthropogenic origin.

RESULTS

Hgin the particulate phase of snow samples

Table 3 shows the statistical evaluation
for Hg content in the particulate phase of

snow. The contents of Hg in the samples
collected around TPP-1, TPP-2 and TPP-
4 were statistically compared with each
other (Kruskal-Wallis test, p=0.1). However,
statistically slightly higher Hg contents
were observed in the samples around TPP-
1 than in those around TPP-3 (Kruskal-Wallis
test, 0.1>p>0.05). Moreover, Hg contents
were significantly higher within the studied
area of TPP-4 than in those within the
studied area of TPP-3 (Kruskal-Wallis test,
0.05>p=0.01). Furthermore, Hg contents did
not significantly differ in the samples from
TPP-2 and TPP-3 areas.

Calculation of K_showed that Hg contents
exceeded background value more than
two for the samples collected at the
studied TPP-1, TPP-2 and TPP-4 areas,
whereas Hg contents were about two
times higher than the background value
in the samples from TPP-3 area (Table 4).

Table 4 also demonstrates the mean
values and range of £fs for Hg in the
particulate phase of snow. EF values for
Hg were higher than one, indicating that
this element was enriched relative to the
Earth's crust. In addition, £F of Hg was
higher for the samples collected around
TPP-4 than for those around other plants.

Atmospheric Hg” depositional flux

Fig 2. presents the variations of mean Hg
load, E, indicating the rates of atmospheric
Hg depositional fluxes. The Hg load around
TPP-3 ranged from 17.2 to 191 mg km?
d’ with a mean 73.1432.2 mg km? d7,

Table 3. Statistical summary of Hg content in particulate phase of snow around urban
thermal power plants located in large cities of Western Siberia

Thermal power Hg content in particulate phase of snow (mg kg™)
plant Mean+SD Median Min Max
TPP-1 0.205£0.028 0.196 0.179 0.246
TPP-2 0.173£0.019 0.165 0.156 0.203
TPP-3 0.139£0.045 0.125 0.098 0210
TPP-4 0.194+0.032 0.199 0.126 0.238

Note: SD - standard deviation; description of TPPs are given in Table 1
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Table 4. Concentration coefficient (K), coefficient load (K ) and enrichment factor (EF)
of Hg in the particulate phase of snow around urban thermal power plants located in
large cities of Western Siberia

K Kp EF
Thermal power plant
Mean | Min Max | Mean | Min Max | Mean | Min Max
TPP-1 25 2.2 3.1 341 225 | 629 23 1.8 29
TPP-2 2.1 19 25 358 | 200 | 462 26 2.2 3.1
TPP-3 1.7 1.2 26 609 | 143 159 1.6 1.1 3.7
TPP-4 24 1.6 3.0 55 25 84 43 33 5.1

Note: description of TPPs are given in Table 1

which was higher than the mean Hg
load determined within the studied area
of other plants. The lowest value for
El (range: 3.0-10.1 mg km? d', mean:
6.6+2.0 mg km=2d") was observed around
TPP-4 which was significantly lower
than the values determined for other
studied TPP areas (Kruskal-Wallis test,
0.01>p>0.001). The Hg load around TPP-1
ranged from 20.8 to 75.5 mg km=d”, with
mean value of 41.5 +20.0 mg km=2 d". The

Hg load within the studied area of TPP-2
varied from 24.0 to 554 mg km2 d”, with
a mean value of 429 +11.5 mg km=d™.

The coefficients of Hg load, Kp, calculated
according to equation 4, are given in
Table 4. The K, values showed that the Hg
load determined for the areas around the
studied TPPs exceeded the background
values several times. The mean values of
K, increased in the following order: TPP-4

200 - . :
® Meanm Median [] 25%-75% ]| Min-Max T
180
160
< 140
©
o
£ 120
)
E.. 100
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o
g 80 -
m T
I 60
°®
40 -
| |
20 L 1
0
TPP-1 TPP-2 TPP-3 TPP-4

Fig. 2. Box plot of Hg load around urban thermal power plants located in large cities
of Western Siberia (note: description of TPPs are given in Table 1)
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< TPP-1 = TPP-2 < TPP-3. This indicates that
the Hg load around TPP-3, relative to the
background value, was higher than in the
areas around other plants.

The Hg load mainly depends on the value of
particulate load, P (Fig. 3). The mean values
of P_increased in the following order: TPP-
4 (342 mg m? d') < TPP-1 (201 mg m= d)
< TPP-2 (248 mg m? d7) < TPP-3 (555 mg
m~ d”). This shows that the largest P was
identified around TPP-3, while the smallest
one was found around TPP-4. Additionally,
the values of particulate load within the
studied area of TPP-3 varied stronger (133-
1527 mg m?d™) compared to other TPPs.

Hg-bearing particles in the particulate
phase of snow samples

SEM-EDX  measurements revealed the
presence of Hg-bearing particle only in the
particulate phase of snow sample collected
at 0.5 km from TPP-3 (Fig. 4). Such particles
were not detected in the samples collected
around other studied TPPs.

Fig. 4 demonstrates the SEM
photomicrograph (a) and EDX spectra (b) of
theidentified Hg-bearing particle. This particle
exhibited uneven shape with 1.2x0.7 um size.
Based on the chemical information derived
from EDX (Fig. 4, b), the identified particle
was composed of Hg and S. Furthermore,
the emission spectrum of elements showed
a high content of O and traces of Si, Al, Na, K,
Fe, and Ca which most likely originated from
the nearby large particle. The presence of
these elements in the large particle indicates
that this particle represents an aggregate of
alumosilicate minerals (Fig. 4, ).

DISCUSSION

The Hg content determined in the particulate
phase of snow samples and atmospheric Hg
depositional fluxes showed that Hg can be
present in the snow cover around the urban
thermal power plants irrespective of their
operating conditions (capacity and thermal
power) and fuel type used. The calculated
indexes (K, K and EF) were higher than one,
indicating the anthropogenic origin of Hg in
the studied areas.
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Fig. 3. Box plot of particulate load around urban thermal power plants located in
large cities of Western Siberia (note: description of TPPs are given in Table 1)
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Fig. 4. SEM photomicrograph (a) and EDX spectra of alumosilicate particle (b) and
Hg-bearing particle (c) in particulate phase of snow collected around the coal-fired
thermal power plant

Mercury existsinthe airin one of three states,
which are gaseous elemental mercury
(Hg"), reactive gaseous mercury in divalent
form (Hg**) and particulate mercury (HgP).
The elemental Hg" can remain in the air
longer (0.5-2 years) and can be transported
over long distances, transforming later into
soluble divalent forms, and then deposited
(Schroeder and Munthe 1998).

The content of Hg in the particulate
phase of snow determined in this study
could confirm the suggestions about high
sorption of gaseous Hg species, Hg?*, and
Hg” on airborne particles at low ambient
temperatures (Kim et al. 2012), effective
scavenging by winter precipitation, and
finally deposition in snow (Siudek et al. 2014).
In addition, Kim et al. (2012) demonstrated
that the fine particles (< 1.8 um) of
atmospheric Hg” were dominated in the
winter season.

It was surprising to identify that there
were no statistically significant differences
of Hg content in the samples collected in
the areas around TPP-1, TPP-2 and TPP-4,

despite their different operating conditions
and fuel type used. This fact may indicate
that high thermal power (815-1763 Gcal/
hour) characteristic for these three TPPs
influences the high Hg content in the
particulate phase of snow (0.173-0.205
mg kg™), regardless of different capacity,
stack heights, and coal origin (Table 1). The
low Hg content, identified in the samples
around TPP-3, could be explained by
smaller thermal power (91 Gcal/hour) than
those for other studied TPPs.

Although Hg content in the coal is low
(Table 1), this element could be released
during coal combustion with the exhaust
gases from the stacks into the air. From
the literature it is known that 98% of Hg in
similar exhaust gases appears as Hg®, HgO,
and CH,Hg (Xu et al. 2003). Additionally, in
the flue gas, Hg® is partly converted to Hg**
by oxidation and is also partly associated
with fly ash particles (Hgf). After emission,
Hg" and Hg?* can be deposited around their
anthropogenic emission sources (Galbreath
and Zygarlicke 2000), i.e. thermal power
plants. Results of Hg measurements in the
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air within Tomsk indicated that one of total
Hg sources was the emissions of fossil fuel
thermal power plant (Lyapina et al. 2009).

High EF values of Hg determined for the
particulate phase of snow around TPP-4
could be affected not only by combustion
of coal representing 75-90% of total fuel
used in this TPP but also by natural gas
corresponding to the rest of 10-25%.
Mercury is often presented in natural gas as
a trace element and can be emitted during
high temperature combustion (Wilhelm
2001).

Open coal warehouses located in the
territory of each studied thermal power
plant could be considered as an additional
source of Hg” mainly due to the possible
transport of coal aggregates from these
warehouses by the wind at long distances.
Considering the locations of studied TPPs in
urban areas, close to residential districts, the
exhausts of Hg from vehicle traffic cannot
be excluded. Some studies have indicated
that vehicle exhausts slightly contribute to
Hg deposition in snow cover (Siudek et al.
2014; Zhang et al. 2013).

Based on the results obtained, the Hg
contents measured in the particulate phase
of snow samples and atmospheric Hg”
depositional fluxes can be used as markers
for Hg source identification, specifically
for combustion of coal from the Kuznetsk
Basin. However, more investigations are
needed to determine content markers in
the samples collected around TPPs using
coal from the Ekibastuz Basin and from
other origins.

In addition, the correlation between the Hg
load and characteristics of TPPs (Table 1) was
not observed. The data indicated that the
Hg load is predominantly affected by values
of particulate load than by Hg content
in the samples. The following correlation
was observed: (1) the lower value of the
particulate load and the higher value of the
Hg contentformed the lowervalue of the Hg
load; (2) the higher value of the particulate
load and the lower value of the Hg content
formed the higher value of the Hg load. The
first observed dependence could indicate a

significant Hg accumulation in a small mass
of particulate phase of snow, while the
second dependence could be a result of Hg
spread in a large mass of particulate phase.
The highest values of particulate load is due
to the low efficiency of the capture systems
to retain emitted gases and particulate
matter, as well as due to the extended coal
dust distribution in the main wind direction
from the open coal warehouses located in
the plant territory.

Individual particle analysis by SEM-EDX
identified anthropogenic Hg-bearing particle
in the form of HgS in the particulate phase of
snow collected in the vicinity of TPP-3. Most
likely the HgS was originated from coal and
was emitted during combustion into the
atmosphere. The HgS was already observed
as a minor phase in Siberian coal (Arbuzov
et al. 2015). The fact that the Hg containing
particle was observed only in one sample
can be explained by the generally low Hg
contents in the particulate phase of snow. The
concentration range of 0.139 - 0.205 mg kg™ or
139 - 205 ng g™ determined for Hg contents in
the particulate phase of snow is too low to find
enough Hg-bearing particles in the samples
using SEM measurements. At this content
range, a lot of SEM photos and consequently
large measurement times are needed. An
attachment of the Hg-bearing particles
to the aluminosilicate phases during the
filtration of snow melting water cannot be
fully excluded. Due to the small size of the
Hg-bearing particle, it belongs to the fine
particulate matter (Pope and Dockery 2006).
If this Hg-bearing particle was suspended in
the air as an individual particle not bound to
the aluminosilicates, it could be in this case
inhaled and remained in respiratory organs
such as lungs.

CONCLUSIONS

The presence of mercury in the particulate
phase of snow cover around the thermal
power plants determined in this study
allowed new insights on Hg occurrence.
Higher Hg concentration coefficient and
coefficient of load observed in relation to
the background values, as well as high Hg
enrichment factors determined relative to
the mean Hg content in the Earth's crust
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indicated the clear contribution of thermal
power plants to the pollution of snow
by anthropogenic Hg" Furthermore, our
results clearly indicated the importance of
Hg monitoring in the particulate phase of
snow in the areas impacted by the thermal
power plant for the evaluation of particulate
Hg budget in such urban areas in the winter
season.

The results showed that the mean Hg
content in the particulate phase of snow
samples was similar for the areas surrounding
TPPs, which have high thermal power and
use different fuel types. TPP with low thermal
power contributed to low Hg contents in
particulate matter deposits. Furthermore, we
did not observe any correlation between Hg
content in the samples and the capacity of
TPPs. It was found that particulate load was
a key factor for the variability of atmospheric
Hg deposition fluxes determined in the areas
around urban TPPs. The relationship between
atmospheric Hg depositional fluxes and
thermal power plant characteristics was not
observed.

The obtained data showed that Hg was
derived from  anthropogenic  sources,
including emissions from TPPs and possibly
long-range transport from open coal
warehouses located in the territory of the
plants.

Based on the size, shape, and element

composition, the Hg-bearing  particle
identified by SEM-EDX measurements can
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ABSTRACT. This article summarizes the data of the chemical composition and the acidity
of the seasonal snow precipitation for the cold periods 1999-2006 (n=180), 2010-2013
(n=82) and 2018-2019 (n=18) in different parts of Moscow. Major ions content was
measured, such as SO,*, HCO_, CI, NO_, Ca**, Mg*, Na*, K* and NH,*, also pH and sum
of ions (mg/L) were measured. During the 2018-2019 season, snowpack samples were
taken twice at 4 sites in Moscow: two in the North-East Administrative Okrug (NEAO) near
the road and in the park at the distance of 3 km from each other, and two in the South-
Western Administrative Okrug (SWAO) and in the Western Administrative Okrug (WAO)
near the road and in the park at the distance of 6 km from each other. Samples were
taken with a break of 5 days to determine the dynamics of the chemical composition
within the beginning of the snow-melting. In each pair of sampling sites there was one
that is located in the park and one located near the road. This experiment showed a slight
variability of the chemical composition of snow during 5 days under the influence of
the new snowfall. In general, there is a trend of changing the composition of snow from
calcium carbonate to calcium chloride, which is mainly connected to the use of anti-icing
reagents; for the same reason, the areas that are closer to the roads are the most polluted.
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INTRODUCTION

The study of the chemical composition
of snow cover is an important part in the
research of the air pollution processes. The
study of the pollution of the snow cover is
widely used to control atmospheric input.
The snow cover is a depositary for pollutants
and is an informative object in identifying
anthropogenic air pollution. The chemical
composition of melting snow is formed

as a result of the input of various chemical
elements with precipitation, the absorption
of gases by the snow, water-soluble aerosols,
and the interaction of the dust particles
deposited from the atmosphere with the
snow cover. Snow cover pollution occurs in
two stages. Firstly, it is the pollution of snow
during its formation in the cloud and falling
on the location which is wet deposition of
pollutants with snow, secondly, the pollution
of the snow which has already fallen as a result



Irina D. Eremina and Jessica Yu. Vasil'chuk.

TEMPORAL VARIATIONS IN ...

of the dry sedimentation of pollutants from
the atmosphere, as well as their input from
the underlying soils and rocks (Vasilenko et al.
1985).

The study of the chemistry of snow cover
is carried out intensively in Russia as well
as in other countries of the world. Yakhnin
and his co-workers (2003) provide data of
the content of major components and trace
elements in the atmospheric precipitation of
Leningrad Area and Finland. It is showed that
the content of sulfates in the snow in Finland
was decreasing, and in Leningrad Area was
increasing through the period from 1999
to 2001. Comparison of the composition of
samples of snow cover and wet fallout during
the winter period provide comparable results.
Yakhnin et al (2002) also studied the level of
the contamination of snow cover in Estonia
and in the west of Leningrad Area near
industrial zones considering the connection
between the structure of technogenic
atmospheric fallout and the main sources of
emissions into the atmosphere. Negrobov
et al. (2005) proposes to use data on snow
cover to determine the level of the pollution
and the composition and emission rates
of enterprises. Yanchenko (2014) notes an
increase of alkalinity of snow in industrial areas
of Bratsk. Belozertseva et al. (2017) studied
chemical composition of snow in lake Baikal
area and showed the difference between
contaminating compounds for different
hollows in this area: the northern part is
contaminated mostly by SO,%, HCO,, Cl, Ca%,
while the southern receives NO,, NHJand Na®.
Analysis of the chemical composition of snow
cover in Komi (Vasilevich et al. 2011) showed
low salinity and acid pH values — EC varies from
94 to 10.02 pS/cm that is approximately 6.0
—6.4 mg/L, pH varies from 4.6 to 4.8. Prozhorina
et al. (2014) and Prozhorina and Yakunina
(2014) studied the snow cover of Voronezh in
2013 and 2014. The authors have shown that
nitrates, nitrites, and chlorides predominate in
technogenic emissions in Voronezh, and that
motor transport and industrial enterprises are
the main sources of pollution. Shumilova et
al. (2012) investigated the pollution of snow
cover in Izhevsk; the authors obtained high
values of the snow salinity (up to 1247.5 mg
/L) in the industrial zone.

Studies of snow cover in Moscow Area in
2009-2013 (Yermakov et al. 2014) revealed
relatively high salinity of snow in several
districts (up to 46 mg/L) in comparison to
Sergiyevo-Posadsky District (where salinity
reaches 9.6 mg/L) and a pH value is close to
neutral, indicating the high dust content of
the atmosphere.

A study held in the United States (Ingersoll, et
all, 2008) compares the composition of snow
cover with the results of analysis of the wet
deposition samples. Interesting conclusions
were obtained that the content of calcium,
magnesium and potassium in snow cover is
much higher than in wet precipitations, and
the concentrations of sulfates and nitrates
are comparable in both types of samples and
have been decreasing in recent years. Nawrot
etal. (2016) studied the chemical composition
and the acidity of the snow cover of the Hans
Glacier in the South of Svalbard during the
season 2005-2006. This season was both the
warmest (the mean January temperature
was —1.7 ° Cin January) and with the highest
level of in precipitation since 1988, also, within
this season 1.3 m of snow accumulated on
the Hans Glacier. The authors noted the high
contamination of the snow with sulfates and
nitrates, according to their analysis of the
reverse trajectories, agricultural fires in Eastern
Europe (Stohl et al. 2007) were the source of
the contamination.

Jacobi etal. (2012) investigated the snow cover
of the coast of Alaska, mainly high contents of
sodium, chloride, sulfate and potassium were
found due to the influence of sea salts, also
high content of magnesium and calcium were
found due to the combination of dust and sea
salts. Similar studies were conducted in other
regions of the United States (Rocky Mountains),
as well as for the highlands of Europe and the
Himalayas, and were summarized in (Hidy
2003). In the Rocky Mountains thermal power
plants are the main source of sulfates and
nitrates in the snow cover. Jarzina et al. (2017)
investigated physical and chemical properties
of melting snow in Poland. The results indicate
a significant contribution of pollutants
produced by the local metallurgical plant
to the chemical composition of snow melt.
Kepski et al. (2016) conducted the research on
snowmelt snow in the Sudetes and showed
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that 50-76% of pollutants are added to the
soil in first two weeks of snowmelt. Curtis et al.
(2018) analyzed the spatial patterns of nitrate
distribution in western Greenland and found
that nitrate content significantly declined
from inland to the coast. Williams et al. (1992)
conducted a study of the sources and spatial
variations of the chemical composition of
snow in eastern Tien Shan, China. According
to their data, the average concentration of
sulfates in the snow was three times higher
than background concentrations in other
remote areas of the world.

The relationship between dry and wet
deposition depends on many factors, the
main of which are: the duration of the cold
period, the frequency of snowfalls and their
intensity, the physical and chemical properties
of pollutants, the size of aerosols.

Due to the high intensity of wet leaching
processes the proportion of dry deposition for
regional and global pollution in the Northern
Hemisphere is usually 10-30%. However,
near the local sources with large emissions of
coarse aerosols, the picture is reversed, i.e. dry
deposition can be from 70 to 90%.

The aim of the research is to determine long-
term changes in pH and ionic composition
of seasonal snowpack in Moscow within the
period from 1999 to 2019. Also, we examined
the variability of snow chemical composition
within the period of snow melt to be able to
find out if the variation during one season is
significant.

MATERIALS AND METHODS

The collection and analysis of winter snow
samples in Moscow and Moscow Area
(Moscow Oblast) were carried out from 1999 to
2006 (Eremina and Grigoriev 2010), as well asin
winterin 2010-2011,2011-2012and 2012-2013
(Belikov et al. 2012; 2013; 2014), also, sampling
took place in 2018-2019 (Fig. 1). In winter
season of 2018-2019, samples were taken at
4 sites in the North-East Administrative Okrug
(NEAO), South-Western Administrative Okrug
(SWAO) and Western Administrative Okrug
(WAQ) with a break of 5 days to determine the
dynamics of the chemical composition within
the beginning of the snow-melting period.
Also, the sites sampled in 2018-2019 winter

season were located in 2 main directions
(South-West and North-East), in each direction
two sites were sampled: one near the road
(88 km MKAD and Stoletova Street) and
one in the park (Narodny Park and Kotlovka
floodplain) to show the difference between
two types of anthropogenic influence. Winter
snow samples were also taken in the end of
winter and annually analyzed the territory of
Meteorological Observatory of Lomonosov
Moscow State University (MSU MO). Therefore,
it is possible to trace the dynamics of the
chemical composition of snow cover over last
20 years.

Sampling was carried out in the period of
maximum liquid water content (LWC) in the
snow, in the end of February — beginning of
March. All sampling was held mostly in places,
that are not influenced by human activity
(parks, forests) more than in 100-200 meters
from the roads, with exception of two sites
sampled in season 2018-2019: at 88 km of
MKAD and Stoletova street, that were located
near roads. Such sampling was conducted in
order to compare sites that are relatively close
to each other, but experience different levels
of anthropogenic influence. Samples taken
from 199910 2013 were takenin parks, the sites
were chosen in such a way to cover different
directions and distance from the center
of Moscow (Fig.1). The one column of the
entire thickness of snow cover was sampled
with a standard snow sampler 60 cm long
and with a cross-section area of 50 cm? Then
the snow was transferred to plastic cuvettes.
The sampling protocol used in this study is
similar to the sampling standard for ionic
composition study used in USA (Snow-survey
sampling guide, 1967). A study to determine
the representativeness of one sample was
conducted in 2010 (Eremina and Grigoriev
2010). For this purpose, 10 seasonal snowpack
samples were taken at a site with total area
of 100 m? After full chemical analysis, it was
found that the content of all components,
with the exception of the hydrocarbonate
ion, differs slightly in these samples (standard
deviation S = 0.06-0.10). For the HCO, ion, the
scatter was slightly higher, probably due to
the plant of building materials, that was close
to the sampling site and which gave alkaline
emissions (Eremina and Grigoriev 2010).
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Fig. 1. Sampling point
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Melting of snow samples was conducted
at a temperature of 20°C+2°C (the standard
temperature in a laboratory room) without
additional heating during 24 hours. The
samples were closed in cuvettes during the
melting procedure. Chemical analysis of
snow samples was carried out in the chemical
laboratory of Moscow State  University.
Preparation for sample analysis included
thawing to room temperature and filtration.
Major ions content was measured, that are
anions: sulfate (SO,”), bicarbonate (HCO,),
chloride (CI), nitrate (NO,): as well as cations:
calcium (Ca?*), magnesium (Mg*), sodium
(Na"), potassium (K*) and ammonium (NH;).
The ion concentration is expressed in mg
/L, microeg/L and %-eq. Concentration of
HCO, and the pH of samples were measured
immediately after the sample preparation,
since the pH value and the concentration
of HCO, ions can change quite significantly
during long-term storage of the sample.
The pH value and the concentration of
bicarbonate (by titration with hydrochloric
acid) were determined on an Expert -001
ion meter (Ekoniks, RF). The content of
cations and anions was determined by ion
chromatography on a JetChrom instrument

(PortlLab, RF). The ionic composition is studied
as it the most reliable analysis that can show
the contamination of atmosphere air through
the dissolved compounds.

RESULTS AND DISCUSSION

Studies of snow samples on the territory of
MSU MO showed no significant change in
their acidity (Table 1). The average value of pH
for all 20 years of observations at MSU MO is
around 6.3. A slight increase in the acidity of
seasonal snow was observed during the cold
periods of 2006-2007, 2008-2009, and 2009-
2010 (average values from 5.5 to 5.8). In other
years, the pH of seasonal snow samples varied
intherange of 6.2-7.1.

To observe the trends in the ionic composition,
we divided the entire study period into 2
parts,10 years each. Concentrations of some
ions in recent years have decreased the
comparing with the first period, while others
have increased. Thus, the decrease in the
content of the following ions: HCO,, SO,* and
Ca’" in the second period (Table 1) is noted.
The total sum of ions (mineralization, salinity)
of the samples also decreased. The HCO,
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contentdecreased by 2 times from 4.7 mg /L to
2.3 mg /L. The lowest value of bicarbonate ion
was obtained in the winter of 2009-2010 (1.1
mg/L), and the maximum in 2007-2008. (12.0
mg/L). The content of SO,* also decreased
from 2.0 to 1.2 mg/L, and the highest average
content of sulphate ion 3.6 mg/L was noted in
2005-2006. In the second observation period,
the content of the main cation calcium (Ca**)
decreased slightly from 2.6 to 1.8 mg /L.

The concentrations of the other ions in the
second period have increased. Comparing
with the first period, the content of chloride
and sodium ions increased remarkably. In
the snow of the first period from 1999 to
2008 the mean content of CI was 1.4 mg/L,
and in 2009-2018 2.4 mg/L. The maximum
amount of chloride obtained in the winter
season 2012-2013 (3.8 mg/L). In the second
period, the content of sodium ion increased
from 0.4 to 0.9 mg /L. Apparently, this is due
to the active use of anti-icing reagents, the
main components of which are chloride and
sodium ions (Eremina et al. 2015). Anti-icing
reagents in Moscow are used not only on the
roads, but also in parks, so the short distance
aeolian transport of their components is
possible. The content of the other ions has
not changed significantly. The values of
confidence interval show that the increase
of contamination is not significant, only CI
and Na* content increase significantly.

In Table 1 the concentrations are presented
not only in mg/L, but also in the %-eq. From
these data, the contribution of each ion to
the total mineralization of the sample can
be estimated. Among the cations, calcium
is the predominant ion (in all the years of
observation), and the share of sodium has
greatly increased in the second period
(12.3%-eq). In the first period, the bicarbonate
was the predominant anion (21.3 %-eq.) and
in the last decade the chloride ion became the
predominant one. So, if in the first period the
seasonal samples of snow cover belonged to the
bicarbonate-calcium class, now it is the chloride-
calcium one. Chloride prevails not only in
seasonal snow samples, but also in daily samples.
(Eremina 2013, 2019).

Considering general data for Moscow sampling
sites, the ion content is significantly higher here,
because the MSU MO is located on the territory of
the Botanical Garden of Moscow State University
and is protected by trees from major highways,
and there are no industrial enterprises close to it.

Results of snow study for 1999 - 2006 are
presented in (Eremina and Grigoriev 2010).
However, during these years, samples were
taken mainly in the park zone near Moscow
Ring Road (MKAD) and there were practically
no samples in the center of Moscow. And in
winter seasons 2010-2011, 2011-2012 and
2012-2013 samples were taken in the center
of Moscow (Fig. 1).

Table 1. Chemical composition and pH of snow samples from the territory of MSU MO
in different years, Cl - confidence interval

MSUMO, | o | so | ar | No. | car | Mgz | Nat | ke | Nk [2Um O
sampling period 3 4 3 4| ions
Concentration, mg/L
1 929__5208 630 | 47 | 20 | 14 | 1.3 | 26 | 0.1 04 | 0.1 04 | 130
2029_'5218 62523 | 12| 24 | 12| 18|01 |09 |02 03] 104
d +0.12] £08 | £0.3 | £0.3 | £0.1 | £0.3 |£0.01| £0.2 |£0.03| £0.1 | £1.2
Concentration, %-eq..
1999-2008 213 | 119 | 115 | 58 [ 358 25 | 47 | 07 | 57
2009-2018 124 | 84 | 21.7 | 65 | 287 | 25 [ 123 | 15 | 58
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All collected samples of the snow cover of
these three seasons can be divided into 4
groups by the sampling site: 1) Moscow Center
(approximately within the third transport ring
(TTK); 2) Parks (squares, forest parks, etc. near
MKAD); 3) Moscow Area - suburbs (4 samples
at a distance of 5, 15, 25, and 40 km from
MKAD in 4 main directions); 4) MO MSU (for
comparison).

Table. 2 shows the mean salinity values for
all groups of sampling sites for each of the
3 seasons. The trend of decreasing of snow
contamination from the center to the suburbs
of Moscow is stable over years. Therefore, it is
possible to average all values for each group
(more than 100 samples in total), and the
mean and range of salinity values are also
shown in table 2. The most polluted samples of
snow were collected in the center of Moscow
(average salinity 61.2 mg/L), the less polluted
in Moscow Area and MSU MO. Moreover, in

Moscow parks near MKAD, seasonal snow
mineralization is 3 times less, and in Moscow
Area and MSU MO - almost 5 times less than
in the center of Moscow. MSU MO may be
considered as “background” station compared
with other sampling sites in the city.

Figure 2 shows the average content of the main
anions and cations for the same 4 sampling
sites. A decrease in the concentrations of all
ions from Moscow Center to Moscow Area
is observed. High concentrations of chloride,
calcium and sodium ions in the city center
is noted. These are the main components of
anti-icing agents, which in recent years have
been used in large quantities on the roads
of Moscow. In large parks and in outskirts
of Moscow this influence is not significant,
however, in small parks, surrounded by roads
this influence is obvious.

Table 2. Salinity of snow in different sampling sites in 2011-2013 (n=82)

Salinity, mg/L
Moscow Center |Parks near MKAD | Moscow Oblast MSU MO
2010-2011 60.2 196 16.1 128
2011-2012 71.1 18.8 15.1 134
2012-2013 46.8 24.0 124 13.9
Mean 61.2 206 14.5 134
Min. 243 56 4.7 56
Max. 199.1 533 418 253
700
600
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= 400
o
Lt 300
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Fig. 2. lonic composition of snow in different sampling sites
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Table 3 shows the average values and the
range of pH of snow in 4 sites. The acidity of all
collected samples of snow cover varied from
5.1to 7.9i.e.there no acidic samples (pH <5.0).

However single (daily) snowfalls are
sometimes acidic, especially in winter of 2009-
2010 (more than 20%). Usually there are 60-80
single samples during the winter, each sample
is taken and analyzed as it falls. However, our
analysis of seasonal snow includes all the snow
that accumulates from the beginning of the
formation of snow cover to the beginning of
its melting. Deposition of alkaline particles on
the surface of an urban aerosol neutralizes the
acidity of individual samples, so seasonal snow
has a pH> 5.The lack of acidity is an important
environmental indicator, since it means that
acid does not enter the soil and rivers with the
snow melt.

The composition of the snow in 2018-2019
was also studied at 4 points in different parts
of Moscow: Narodny Park and 88 km of the
Moscow Ring Road - MKAD in the north-
eastern part of Moscow, Nakhimovsky Av.
near the floodplain of Kotlovka River in the
south-western part of Moscow and Stoletova
Str. in western part of Moscow. Samples were
taken twice with a break of 5 days at the
beginning of the period of snow melt (Fig.
3.). Samples taken at 88 km of MKAD show
the highest salinity of 41.8-57.4 mg /L and the
most alkaline pH values of 6.75-7.10. Calcium
chlorides predominate in these samples.
In Narodny Park, located in the same part
of Moscow, calcium and bicarbonate ions
predominate, pH varies in range of 6.55-6.70.
Salinity here is 2 times lower than in snow
from Moscow Ring Road and varies in range
of 194-21.1 mg/L. In samples near Stoletova
Street in the west of Moscow, the pH is 7.05-

7.15, and salinity is 18.6-284 mg/L. On the
floodplain of the Kotlovka River near Nakhimov
Avenue in the south-west of Moscow, the pH
is 6.35-6.75, the salinity is 11.1-19.1 mg /L,
and snow samples had of calcium - chloride
composition. In general, the comparison of
the sites located in the parks (Narodny Park
and floodplain of Kotlovka river) with the sites
in 3-6 km, but located near the roads (88 km
MKAD and Stoletova street), show not only the
obvious higher mineralization of samples and
higher pH due to the influence of the roads,
but also more intensive change in an ionic
composition. Near the roads the increase of
HCO, content in 5 days is higher from 9%-eq.
to 19%-eq. in NEAO and from 18%-eq. to 25%-
eg.in WAO, while in parks the difference in
HCO, content within 5 days is not higher than
2-3%-eq. (Fig. 3).

The predominantly calcium and chloride
composition of snow indicates pollution with
anti-icing agents (Gladkov et al. 2016)

The samples were taken twice: on 3 March and
8 March 2019. An increase in pH, an increase
in the concentration of Ca?* is observed in
samples, that were taken later. At the sites
in the West and South-West, an increase in
salinity, and decrease in the content of CI is
observed.

Comparing the composition snow of 2018-

2019 (Table 4) to the results of previous years
shows, in the last season, slightly higher values
of salinity, pH, as well as concentrations of
some ions (HCO,, Cl, Ca** and Na*) were
obtained. These samples were collected in
other sites, then in previous years, thus the
influence of other sources of pollution could
have an effect.

Table 3. pH values of snow

pH
Moscow Center | Parks near MKAD | Moscow Oblast MSU MO
Mean 6.96 6.46 6.00 6.56
Min. 6.70 6.00 5.10 545
Max. 7.55 7.85 6.85 7.20
A 0.85 1.85 1.75 1.75
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Sag}{)eling N?Fi"bo‘fsky afv.,
(s [AETITLC) Stoletova Str.
Date Ko%lg\\ll\ll(Aa 6|)ver (WAO)
3.03.2019
W tmo
8.03.2019
Symbology EHCO, W so* W Cr NO; m Ca* u Mg* H Na* u K

Fig. 3. Chemical composition of snow in 4 sampling sites for 3.03.19 and 8.03.19

In recent vyears, there is a decrease in
sulfates in the snow cover (Table 4), and a
noticeable increase in chlorides and sodium.
Concentrations of other ions do not change
significantly.

winter season of 2010-2011 (Shumilova et al.
2012). The pH of snow in Izhevsk varied from
6.63 to 7.25, in Moscow in the same period
pH was 6.30-6.70. The content of chlorides
in Izhevsk varied from 1.78 to 40.12 mg /L, in

GES 04[2019

55

Moscow suburbs according to our data during
this period the chloride concentrations were
in a range of 1.6-6.1 mg /L, and in the center

The composition of the snow cover in Moscow
can be compared to onein Izhevskin the same

Table 4. Comparison of mean values in snow in Moscow over 20 years, Cl - confidence

interval
lon concentration, mg/L Sum
Sampling period pH of ions,
HCO, | SO,”| CI |NO,-| Ga*" |Mg* | Na* | K* [NH,*| mg/L

1999-2006 (Eremina and

Grigoriev 2010) n=84 6.1 39 | 30| 27 |17 | 26| 02|08 ]| 03| 06 | 158

cl +0.02| £0.6 | £0.6 +0.2 | £04 [£0.04| £04 | £0.1 | £0.1

2010-2011 (Belikov et al.

2012) n=9 65 | 44 | 43 | 29 | 22 | 28 | 04 | 09 | 08 | 09 | 196

@ +0.1 +05 | 0.7 | £0.1 | +0.2 +02 | 47

2011-2012 Belkovetal. | o0\ g | 54 | 37 |31 | 34 | 03| 12| 02| 04| 188

2013) n=9
al +0.1 | +12 | +1.0 | +10 | +13 | 09 | +0.1 | +04 |+0.02| +03 | +45
20122013 Belikovetal. | o0 | 50 1 55 | 75 | 90 | 35 | 03 | 31 | 07 | 04 | 240
2014) n=11
al +0.1 | +08 | +0.6 | +1.9 | +02 | 08 | +0.1 | +07 | +02 | +0.1 | +51

2018-2019 (this study)

n=18 6.7 | 62 | 22 | 86 | 15 | 47 | 03 | 34 | 08 | 05

282

cl +0.1 +0.6 +03 | £1.2 | £0.1 +02 | £7.1
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of Moscow from 6.8 to 75.0 mg/L. Sulfate ion
in Izhevsk was detected with a concentration
of 3.37-555 mg/ L, in Moscow the range is
slightly wider from 2.2 to 7.7 mg/L, and in
the center of Moscow values reach 19.5 mg
/L. Snow in Izhevsk contains nitrate ion in
amount of 0.5-5 mg/L, in Moscow the average
content was 2.38 mg /L (the range is 0.7-4.7
mg /L). The snow in Moscow is more polluted
than in Izhevsk, but the patterns are the same.
High content of chlorides is also associated
with anti-icing reagents, since the main
pollution with chlorides is associated with
large highways, which are regularly influenced
by reagents in winter. The concentration of
sulfate in the snow of Izhevsk is marked as
relatively low, as in Moscow. (Shumilova et al.
2012).

CONCLUSIONS

1. In the snow cover in the MSU MO, there
is a tendency of a change of snow chemical
composition from 1999 to 2019 from
bicarbonate-calcium to  chloride-calcium,
which is associated with the use of anti-icing
reagents.

2. For mean values in Moscow the significant
increase of sodium and chloride ions content
as well as the increase of mineralization in
general is shown for the period of 20 years, pH
values of snow increased by 0.6 from 1999 to
2019.
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SPECIFIC FEATURES OF GEOLOGICAL RISK
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ABSTRACT. The paper describes approaches to assessing geohazards and georisk
of economic losses in Moscow. It is shown that for surface construction, the principle
geohazards in Moscow are karst-suffosion sinkholes, land subsidence, landslides,
and waterlogging. The subsurface construction is endangered by karstification and
fracturing of limestone, decompaction, and swelling of clay, quicksand phenomena, and
groundwater breakthrough to tunnels. The different procedures for the assessment of
geological risk in Moscow have been suggested for already existing urban infrastructure
and for future planned construction. For existing surface urban infrastructure, geological
risk is considered to be an integral parameter of probable damage caused by geohazards
and the anthropogenic load on the specific territories. The main aim of risk mapping in this
case is outlining the territories, for which restrictions and prohibitions should be imposed
for further urban engineering development. For future subsurface urban construction, the
risk-analysis consists in assessing the impact of geohazards on the engineering structure
by comparing the future expenditures for the construction and operation under different
engineering geological conditions. The procedures of risk mapping elaborated for both
approaches are described; the typification schemes are listed; and the relevant risk maps
built for the Moscow territory are provided. The risk maps will help planners to compare
and make alternative project decisions in order to minimize the cost in future economic
expenditures. Both approaches are successfully approved in Moscow.
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INTRODUCTION

Urban Infrastructure And Subsurface
Development In Moscow

Sustainable urban development of Moscow is
based on the balance between ecological and
socio-economic demands, rational nature use
and improvement of ecological situation.

The Moscow megacity area has reached
2511 km? lately, whereas as long as 7 years
ago it approximated 1100 km?. In 2012, the
Moscow area grew significantly by adding
a part of Moscow outskirts to the city. The
present-day urban development of Moscow
city is uneven. The most densely built-up
part of the city of about 800 km? is enclosed
within the Moscow ring highway. It consists
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of the historical part of the city (about 18
km? in area), where the bulk of architectural
and historical monuments are concentrated.
The historical city centre still operates as its
administrative centre, where the modern
downtown business district with the highly
developed subsurface is located. This
part of Moscow appears to be the most
vulnerable to geological hazards. Outwards
the historical centre, towards the Moscow
ring highway, different city belt zones are
distinguished differing in the prevailing
age and type of buildings. Five-eight-story
buildings with strip foundations constructed
before mid-1960s prevail in the immediate
vicinity to the historical centre. Farther from
the centre, the area is built-up with more
modern buildings of 9 and more stories
usually with piles and plate foundations.
These are mainly the residential districts
with apartment houses.

Lately, the wurban subsurface is being
intensely developed in Moscow megacity.
New metro lines are under construction,
as well as motorway tunnels and buildings
with underground stories. In Moscow, metro
has been operating since 1930s; however,
until recently the density of metro facilities
was much lower in the distant part of the
city thanin its central part. As proceeds from
the international experience in running
megacities like Moscow, the optimal
conditions for sustainable development
and comfortable living in a city are achieved
upon the share of subsurface facilities no
less than 20-25% of the entire number of
urban engineering structures. In the central
district of Moscow, this ratio averages to
30%, whereas, it does exceed 1-2% in the
peripheral dwelling districts (Merkin et al
2013).

At present, many research projects are
focused on finding the efficient and
promising ways for ensuring the sustainable
development of urban areas and enclosing
the underground space in urban planning.
A major EU project on the European COST
Sub-Urban Action (TU1206) that was carried
out in 2013-2017 and involved more than
30 countries was just one of the recent
examples of collaborative efforts of scientists
and urban decision-makers in overcoming

the knowledge gap between the experts
and potential users aimed at the sustainable
use of urban subsurface (Campbell et al
2017). As a rule, these projects are based on
the interdisciplinary approach taking into
consideration many aspects and criteria of
comfortable human living ranging from
the social and cultural infrastructure to
favourable natural environment (Admiraal
and Cornaro 2016; Bobylev 2009; Bobylev
and Sterling 2016; Li et al 2016; Sterling
et al 2012; Wende et al 2010). Geological
hazards and their possible effect on urban
infrastructure appears to be one of these
criteria.

Exogenous geological processes exert a
significant impact on the geoecological
condition of urban area, because of
being widespread they complicate both
surface and underground engineering
construction as well as the operation of
existing buildings and other engineering
structures. Intensification of exogenous
geological processes may pose immediate
danger to urban infrastructure stability and
even to human health and loss of lives.
Now it is commonly recognized among
urban geologists that the assessment of
geohazards alone is not enough for urban
planning. In order to ensure the sustainable
development of cities, it is necessary to start
with the estimation of geohazards and pass
to the assessment of geological risk. Actually,
it is risk analysis that provides an adequate
idea about the size of possible economic
loss caused by geohazards in an urban
area. The development of technology and
working procedure of assessing risk caused
by the hazardous geological processes is the
most important task for urban geologists.
Due to geodata uncertainties, this problem
seems to be hardly solved on a quantitative
level (Clayton 2009; Kalsnes et al 2010; Knill
2003). Almost all researchers involved in risk
assessment in urban areas agree that the
combination of geohazard maps with the
maps of urban environment vulnerability is
the most promising approach to the georisk
assessment in cities (Marchiori-Faria et al
2006; Mora 2010; Price et al 2018; Zhang et
al 2006). So far, assessment and mapping
of exogenous geological hazards is the first
step in georisk analysis in urban areas. In
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our research, we made an attempt to show
the possibilities of using mapping methods
for the geological risk assessment in the
form of possible losses from geohazard
manifestation by the example of Moscow
megacity.

Engineering Geological Conditions
In Moscow

As applied to Moscow area, the exogenous
geohazards  that affect the urban
geoenvironment originate from its peculiar
geological  setting and  engineering
geological conditions. Engineering
geological conditions in the Moscow region
have been comprehensively studied before
by many previous researchers (Bolysov
et al 2017; Golodkovskaya and Lebedeva
1984; Koff et al 2006; Kozlyakova et al
2015; 2016; Kutepov et al 2011; Osipov and
Medvedev 1997; Osipov 2008; 2014; Sergeev
1982 ). Geomorphologically, Moscow is
located within three natural geographical
regions, i.e, Smolensk-Moscow upland in
the Northwest, Meshchera lowland in the
East, and Teplyi Stan upland in the South-
Southwest. These regions are divided by
the valleys of the Moscow and the Yauza
rivers. Within the city territory, the Moscow
River valley consists of the floodplain and
three alluvial terraces lying above the
floodplain. The surface topography has
been transformed substantially in the city
by technogenic impact. Many minor rivers
and creeks were removed from the surface
to flow in underground pipes. Gullies were
backfilled; the outlines of river banks were
modified, as well as the depth and width of
the Moscow and the Yauza river channels;
the water level in the Moscow river was
raised. The absolute elevations of the terrace
and floodplain surfaces were altered by
levelling and backfilling by human activities.
The floodplain was partially flooded.

In terms of geology, Moscow is located
within a vast syncline in the centre of the East
European platform covered by a thick mantle
of sedimentary deposits. Within the depth
of technogenic impact, the sedimentary
mantle in Moscow area consists of stratified
Carboniferous, Jurassic, Cretaceous, and
Quaternary deposits of various genesis.

Geological structure of Moscow is extremely
variable (Fig. 1). This variability arises mainly
due to the river erosion and it is pronounced
in abrupt fluctuations of thickness and
lithological composition of soil and rock
complexes.

The mid- and upper Carboniferous
limestone, marl and clay occur at a depth
5-150 m. Carbonate deposits are intensely
fractured  and  karstified.  Limestone,
dolomite, marl and clay of Carboniferous
age are overlain by Meso-Cenozoic sandy-
clayey deposits. Carboniferous deposits
underlie  immediately the Quaternary
deposits in thalwegs and slopes of preglacial
and modern river valleys. Mesozoic deposits
consist of mid-Jurassic continental deposits
of Bathonian and Callovian stages, marine
sandy-clayey mid- and upper Jurassic
deposits, marine sandy-clayey mid- and
upper Jurassic deposits of Callovian,
Oxfordian and Tithonian stages, as well as
marine mainly sandy deposits of Cretaceous
system. Bathonian and Callovian deposits
are represented by interlayers and lenses of
dark grey and brown sand, loam and sandy
loam with coal inclusions and interlayers
and lenses of sand. Bluish grey and brown
dense clay with sandy interlayers also occur
locally. The thickness of Bathonian-Callovian
strata rarely exceeds 10 m. These deposits
are preserved in the local depressions of
the Carboniferous massif roof. They are
overlain by middle and upper Jurassic
Callovian and Oxfordian clay, or sporadically,
by Quaternary sand, sandy loam and loam.
Callovian and Oxfordian clay were deposited
during the Jurassic sea, which spread over
the entire Moscow territory. Once the sea
retreated, the continuous mantle of these
deposits overlying the Carboniferous massif
covered the entire territory of Moscow. They
were eroded later in Cenozoic era by the
rivers. The preserved thickness of Jurassic
clay varies significantly. It depends on
the prelurassic subcrop topography, with
maximum thickness (50 m) in the central
part of the Main Moscow depression in the
south of the city; whereas this thickness
rarely exceeds 10 m at the prelurassic
watersheds in the north of the city. These
are dark grey and black homogenous dense
micaceous clay with few fossil fragments.
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On the preglacial watersheds, Callovian and
Oxfordian clay are overlapped by marine
sandy-clayey Tithonian deposits; whereas in
the preglacial valleys, this clay underlies the
lower and middle Quaternary alluvial and
fluvioglacial sands.

Marine sand and clay of Tithonian age are
preserved only on the preglacial watersheds,
where they overlie discordantly the
Callovian-Oxfordian clay. The thickness of
the Tithonian strata ranges from 0-1 to 10-30
m depending on the preglacial topography,
with the maximal thickness being registered
in the southwest of Moscow (within the Teply
Stan elevation). Cretaceous deposits are
preserved and uneroded predominantly in
the south and southwest of Moscow, where
they compose preQuaternary and modern
interfluves. They are represented by up to
40 m thick marine deposits overlying the
Tithonian upper Jurassic strata. The bottom
of the Cretaceous massif is composed of
brown, dark grey and greenish grey sands
and sandstones with pebbly phosphorite
layer at the basement. Upward by the cross-
section, they are replaced by black and dark
grey clay, which is overlain by light yellow
and vyellow-grey fine-grained sand with
very few thin interlayers of loose sandstone.
Cretaceous deposits are overlain by the
Quaternary strata.

Quaternary deposits are represented by
moraine loam of three glaciation periods;
interfluvial (mainly sandy) deposits; alluvial
sands of three terraces above the floodplain
of the Moscow River and its tributaries,
as well as technogenous deposits. The
thickness of the Quaternary deposits ranges
from few meters to 50 m. It's maximum is
registered in the south and southwest of
Moscow, where the erosion activity of the
modern river network was the weakest.
The Quaternary strata are very thick within
the deep preglacial valleys filled with
fluvioglacial sand (Fig. 1). Technogenous
deposits cover almost the entire city territory,
with their thickness reaching 15-20 m.

Groundwater aquifers in Moscow area are
confined to the Quaternary and Mesozoic
sandy and sandy-loamy deposits, as well
as to Carboniferous limestone massif. In

the areas, where low-permeable moraine
loam strata occur, the following aquifers
are distinguished: (a) above-moraine
unconfined aquifer, and (b) intra-moraine
and under-moraine (often confined) aquifers.
In the areas, where moraine is absent,
the Quaternary groundwater aquifer is
unconfined as a rule. Mesozoic aquifers may
be both unconfined and confined. Fractured
karstic aquifers in Carboniferous limestone
showed a high hydraulic head in Moscow
in the early 20th century. However, intense
water extraction in the 20th century lowered
their head significantly, and at present, the
upper water horizons in Carboniferous
limestone massif are mainly unconfined.
However, the deep Carboniferous aquifers
may show the hydraulic head up to 25 m.

Due to the specific engineering geological
structure of Moscow, the city territory
is subjected to a number of exogenous
geological processes (EGP). The principle
exogenous geohazards in Moscow are
karst-suffosion sinkholes, land subsidence,
landslides, and waterlogging. Karst and
suffusion most often develop in thalwegs
and on slopes of preglacial valleys, where the
upper Jurassic clay is partially or completely
eroded (Kutepov et al 2009; 2011). Upon
certain  hydrodynamic conditions, the
clay stratum may be destroyed, and the
suffosional downward flow of sand to karstic
caverns and fractures in limestones may be
triggered. This process results in sinkhole
formation on the surface. Karst and suffusion
develop mostintensively in the northwest of
Moscow, were the preJurassic and preglacial
channels have eroded partially or completely
the overlying Mesozoic deposits. Limestone
is highly karsitified there, and more than 40
karst sinkholes are registered in that area
(Kozlyakova 2016).

Landslides are mostly confined to the slopes
of the Moscow river valley and its tributaries.
One can distinguish deep landslides with
a slipping surface confined to the Jurassic
clay and shallow landslides confined in
Quaternary deposits only. Deep landslides
affect 15 slopes in the Moscow river
valley within the city boundaries. Surface
landslides are more widespread. They are
registered both in the areas disturbed by
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major landslides and in the valleys of minor
rivers, brooks, and gullies. Waterlogging
development is controlled by the modern
topography in Moscow. The areas, within
which the uppermost aquifer occurs at a
depth of less than 3 m are considered to be
waterlogged. These are mainly floodplains
of the Moscow River and its tributaries. The
perched groundwater horizons may form
in watershed areas, where moraine loam
is preserved. The areas, within which the
groundwater level occurs at a depth 3-5
m, are considered as potentially prone to
waterlogging. Permanently waterlogged
areas occupy about 30% of Moscow;

and 25% of territory may be classified as
potentially prone to waterlogging (Osipov
2014).

Theabove-mentioned EGPsexertasignificant
impact on Moscow geoenvironment
affecting the urban infrastructure. They
should be taken into consideration upon
both surface and subsurface construction.
The subsurface construction is endangered
by karstification and fracturing of crystalline
limestone, decompaction and swelling
of «clay, quicksand phenomena, and
groundwater breakthrough to the tunnels.

Fig. 1. Geological map and geological cross-section of the Moscow territory.
Designations: 1 - Cretaceous deposits, 2 — upper Jurassic deposits, Tithonian stage,
3 - mid- and upper Jurassic deposits (Oxfordian, Callovian, and Bathonian stages), 4 -
Carboniferous deposits, 5 - thalwegs of preglacial erosional cuttings
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Approaches To Geohazard And Risk
Assessment In Moscow

In western countries, urban geology has
developedasaspecialfield of geological science,
and its role is becoming more important in the
last decades (Bell et al 2009; Brennard 1998;
Culshaw and  Price 2011; Legget 1973; 1987,
Marker 2009; 2016; Pereyra 2003; Tan 2009).
Lately, urban geologists including engineering
geologists have gained huge experience in
assessing hazardous geological processes
in cities, with one of the principal methods
being engineering geological zoning and GIS-
based special mapping of urban areas (Burns,
2015; Cavaleiro et al 2009; Chatterjee 2006).
It is commonly recognized now that spatial
planning with consideration of natural hazards
maps laying restrictions on the territory use
appears to be the most efficient economic tool
for providing sustainable urban development
(Price et al 2016; Taselaar 2008; Tsangaratos
et al, 2014). The development of geohazard
risk assessment procedure is now the most
acute issue for urban sustainable development
(Rauh et al 2008). The most common way is
combining the maps of hazardous geological
processes with the maps of urban environment
vulnerability (Blong 2003; Cormonias et al 2014;
Thierry 2001; Torok 2006). However, due to
geodata uncertainties, this problem cannot be
considered to be solved on a quantitative level
anywhere in the world (Clayton 2001).

Geological risk is defined as the qualitative or
guantitative measure of a geological hazard
or a number of hazards determined for a
particular object or particular territory in the
form of possible absolute or relative economic
losses (damage) (Cascini 2014; Ragozin 2003;
Ragozin and Yolkin 2006; Osipov et al 2017;
Recommendations.. 2002). This definition
suggests that risk is a function of the hazard
impact value and the engineering structure
(territory) vulnerability.

The authors applied different methods for the
study of geohazards operating in Moscow
depending on the purpose and the scale of the
study. For the preliminary stage of investigation,
to a small scale, special mapping and zoning
of city surface or subsurface environment
appears to be the most appropriate; whereas,
at the follow up stages of survey, mapping is

combined with the calculation and analytical
methods.

In authors’ view point, the risk of economical
loss caused by exogenous geological hazards
in cities should be assessed separately for
already existing urban infrastructure and for
future planned construction. In both cases,
upon mapping the qualitative comparative
assessment of geological risk is made (Fig.2).
For existing infrastructure, the main aim of
risk mapping is to outline the territories, for
which special requirements should be laid
on engineering survey, as well as restrictions
and prohibitions should be introduced on
urban engineering development. For future
construction, the risk maps permit comparing
alternative project decision variants in order
to minimize economic losses from geological
hazards upon the construction and operation
of buildings and other engineering structures.
Both approaches have been tested in Moscow.

Assessing Geohazards And Georisk For The
Existing Urban Infrastructure

For assessing georisk that is caused by
exogenous geohazards for the existing
infrastructure, we have developed the mapping
procedure that involves the following steps:

- assessment and mapping of exogenous
geological processes (EGPs) according to the
degree of hazard;

-assessment  and  mapping  of  urban
environment vulnerability to EGPs (where
the urban environment is taken to mean the
city territory with buildings and on-surface
engineering facilities);

-distinguishing risk categories by the analysis
of the hazardous geological processes
affecting the city territory and surface urban
infrastructure;

- compilation of the risk map by superposition
of the integral map of EGPs hazard and the map
of urban environment vulnerability.

The qualitative comparative assessment and
geological risk mapping were performed on
the basis of integral assessment of EGP hazard
and the functional zoning of city territory. The
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Approaches to geological risk assessment in urban areas

Fig. 2. Two approaches to the georisk assessment in urban areas

integral hazard assessmentimplies revealing the
possible adverse changes in urban environment
and obstacles to construction and operation
of buildings and engineering structures in the
areas of EGPs development and the subsequent
typification of the territory by its favorability.
The "Map of geoecological state of the Moscow
territory (assessment of hazardous exogenous
geological processes) prepared in a scale 1 :
50 000, is taken as the basis of this assessment
(Kozlyakova et al, 2015). Here, the object at risk is
the urban environment, which includes the city
territory with the surface infrastructure.

As was mentioned above, the most hazardous
EGPs in Moscow are landslides (deep, above
all), as well as karst and suffosion collapses

and surface subsidence (Kutepov et al, 2009;
2011). These processes cause damage or
ruining of buildings, leading sometimes to
catastrophic ~ consequences.  Waterlogging
is another geological process developing in
Moscow, which is less hazardous to buildings
and engineering structures. However, being
a permanently acting factor widespread by
the area, waterlogging may cause substantial
economic damage to the city. Five categories
of geoecological state are distinguished in the
Moscow territory from the comprehensive
analysis of the above-mentioned EGPs,
ie, favorable, conventionally favorable,
conventionally unfavorable, unfavorable, and
very unfavorable (Fig. 3).

Vulnerability Low Moderate High
. (recreational | (industrial and (public and
Geoecological state idential
(assessment of geohazards) zones) transport zones) |residential zones)

Favorable

- No risk

Conventionally favorable

]

Conventionally unfavorable

Low risk |:|

Moderate risk

Unfavorable /—‘

Very unfavorable Moderate risk High risk Very high risk

0 .

Fig. 3. The schematic state and functional zones of geological risk map in Moscow
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The functional zoning of Moscow
territory includes 5 types of functional
zones: transport, recreational, industrial,
social (public), and residential (Fig. 3). In
this way, this zoning gives us a tentative
idea about the vulnerability of separate
parts of the city to the hazardous EGPs.
The density of territory building-up
with on-surface permanent engineering
structures usually increases in the row:
recreational - transport - industrial
- public - residential zones. These
parameters appear to be one of the
most vivid and reliable characteristics
of urban territory vulnerability. The
classification is based on the density of
territory building-up with on-surface
permanent engineering structures as
well as on the degree and type of EGPs’
impact on urban environment. Risk
categories are distinguished depending
on the level of possible loss caused by
the manifestation of individual processes
or their combinations.

Therefore, to the first approximation, the
idea about the geological risk in Moscow
can be obtained from the superposition
and the analysis of geoecological
conditions (hazardous EGP), the
functional zoning of the territory and the
distinguished risk categories.

In this analysis, estimation and mapping
of vulnerability of urban territory and
its infrastructure seems to be the most
difficult problem (Osipov et al, 2017).
Functional zoning surely gives only
tentative and rough index of vulnerability.
Therefore, now one can only speak about
the schematic risk map for the existing
urban infrastructure. The comprehensive
procedure of vulnerability analysis should
include the estimation of density, type,
and age of housing development as well
as the assessment of geohazard impact
on the urban environment.

On the basis of the developed georisk
assessment procedure, the authors have
compiled the schematic geological risk
map for the existing infrastructure in
Moscow arising from EGPs to a scale of
1:50000. This map shows the risk as a

comparative integral characteristics of
the probable damage caused by the
geological hazards as well as the level
and type of the technogenic load of the
territory (Fig. 4).

Assessing Geohazards And Georisk For
The Future Subsurface Construction

The risk of losses for a particular
engineering structure at the stage of
its construction may be analyzed only
qualitatively by assessing the impact of
geohazards on this engineering structure,
since the value of engineering structure
vulnerability will be the same in this case.
Assuming that this engineering structure
may be built in different engineering
geological conditions, the risk will be
characterized by the possible damage
caused by geohazards within the areas of
a certain type of engineering geological
conditions.  Upon this approach, the
qualitative risk-analysis in this case may
be reduced to assessing the impact of
geohazards on the given engineering
structure by comparing the future
expenditures for its construction and
operation under different engineering
geological conditions.

For instance, for a projected metro tunnel
driven at a shallow depth by an open-pit
method, we propose the following risk-
assessment procedure. It consists of the
following steps:

1. To know the geological structure and
hydrogeological conditions in the foot
and walls of the tunnel at the planned
construction depth proceeding from the
3D model of geoenvironment.

2. To typify the engineering geological
conditions and the analysis of geohazard
impact on the engineering structure
for each type of engineering geological
conditions;

3. To determine the possible losses
(expenditures) during the construction
and operation of the facility;
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Fig. 4. The schematic map of geological risk for existing urban infrastructure in
Moscow. See Fig. 3 for designations

4. To distinguish and substantiate the
comparative qualitative categories of risk;

5.To build the map of geological risk.

During present study, the authors distinguish
three main groups of ground conditions
that one can come across in the bottom and
walls of the shallow metro tunnel driven by
an open-pit method in Moscow subsurface:

- Meso-Cenozoic sand with interlayers and
lenses of sandy loam and loam (Quaternary,
Cretaceous and Jurassic). For the most
part, soils are water-saturated. Aquifers are
confined and unconfined.

-Jurassic clay, weakly permeable.

-Carboniferous terrigenic and carbonate
deposits: limestone, dolomite, marl, and clay.
Unevenly watered with confined aquifers.

The combinations of these types in the walls
and in the bottom of the tunnel result in 7
types of possible engineering geological
conditions along the tunnel route (Fig. 6).
The possible damage for the tunnel under
construction was assessed proceeding
from the analysis of the impact on it of such
geohazards as groundwater and quicksand
breakout to the construction pit, suffusion,
and karst-suffosion processes. As a result,
we distinguished and substantiated four
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risk categories: very high, high, moderate,
and low. (Fig. 6). Very high geological risk
is recognized for the construction and
operation of tunnels in Meso-Cenozoic
water-saturated sand, which is proved by
many unfortunate casesof the shallowtunnel
construction on Moscow. Meso-Cenozoic
sand outcropping in the tunnel's walls
gives rise to a high risk for an engineering
structure irrespectively of the deposit types
in the tunnel foot. Running a tunnel in the
karstified Carboniferous deposits (limestone,
dolomite, marl, and clay), due to their
karstification and uneven watering with
confined groundwater aquifers produces a

moderate risk to engineering structures. A
low risk is usually identified for the tunnels
drawn in the low permeable Jurassic clay
horizon.

According to this procedure, we have
compiled the map of geological risk for
the construction and operation of shallow
tunnels (a depth of 20 m) to a scale of 1:
100 000 . The representative city territory
within the Moscow ring highway was taken
for this purpose, for which the 3D model of
geoenvironment has been built, permitting
us to analyse the geological structure of the
area at any desired level to a depth of 100

Deposits in the | Meso-Cenozoic
tunnel walls
and lenses of sandy
loam and loam;
mainly water-
saturated; confined

and unconfined

sand with interlayers

Carboniferous
terrigenic and
carbonate deposits:
limestone, dolomite,
marl, and clay.
Unevenly watered with
confined aquifers .

Weakly
permeable
Jurassic clay

with interlayers and
lenses of sandy loam
and loam; mainly
water-saturated;
confined and
unconfined aquifers

Deposits in the aquifers
tunnel foot
Meso-Cenozoic sand Very high risk Moderate risk

terrigenic and
carbonate deposits:
limestone, dolomite,
marl, and clay.
Unevenly watered
with confined aquifers.

Weakly permeable High risk Low risk
Jurassic clay -
Carboniferous High risk Moderate risk Moderate risk

Fig. 5. The geological map risk for the construction and operation of shallow tunnels
(at a depth of 20 m)
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m from the surface. These maps may be
compiled for different tunnel depth, which
permits to compare the alternative project
options in the viewpoint of their safety and
economic efficiency at the investment stage.

The task of further studies is to develop
mapping technologies and to substantiate
scientifically the compilation of the integral
map of geological risk for the future
subsurface construction. This map may be

- very high
[ high
|—| moderate
P tow

compiled by superposition and the analysis
of the risk maps for two or three levels of
subsurface development. The principal aim
of this map is to reveal the zones at geological
risk, within which a considerable damage
may arise at any depth of laying engineering
facility, and recommendations on special
protective measures should be given.
The three-dimensional model of Moscow
geoenvironment permits obtaining actual
data necessary for solving this problem.
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CONCLUSION

Geological risk mapping is the principal
method in risk analysis at the initial stages
of projecting urban development. The
performed studies in assessment and
mapping of geological riskin Moscow attests
to the diverse possibilities in the risk-analysis
tool application to engineering geology of
urban areas. Approaches to risk assessment
differ depending on the purpose and scale
of research. For the city territory, the result
of risk-analysis most often consists in zoning
the city territory on the basis of the risk
level. It is hard to estimate quantitatively the
level of geological risk, the more so, for the
entire city territory. However, the qualitative
comparative risk assessment also appears to
be very important. For the entire city territory,
geological risk is estimated as an integral
characteristic of probable damage caused by
geohazards and of technogenic load in this
area. For a particular projected engineering
structure, its risk is estimated as the value of
probable expenses during its construction
and operation. Geological risk mapping for
future construction in cities appears to be
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FRACTIONAL VEGETATION COVER
CHANGE DETECTION IN MEGACITIES
USING LANDSAT TIME-SERIES IMAGES: A
CASE STUDY OF HANOI CITY (VIETNAM)
DURING 1986-2019

ABSTRACT. The objective of the study is to assess changes of fractional vegetation cover
(FVC)inHanoimegacityin period of 33 years from 1986 to 2016 based on atwo endmember
spectral mixture analysis (SMA) model using multi-spectral and multi-temporal Landsat-5
TM and -8 OLI images. Landsat TM/OLI images were first radiometrically corrected. FVC
was then estimated by means of a combination of Normalized Difference Vegetation Index
(NDVI) and classification method. The estimated FVC results were validated using the field
survey data. The assessment of FVC changes was finally carried out using spatial analysis
in GIS. A case study from Hanoi city shows that: (i) the proposed approach performed well
in estimating the FVC retrieved from the Landsat-8 OLI data and had good consistency
with in situ measurements with the statistically achieved root mean square error (RMSE) of
0.02 (R?=0.935); (ii) total FVC area of 321.6 km? (accounting for 9.61% of the total area) was
slightly reduced in the center of the city, whereas, FVC increased markedly with an area
of 1163.6 km? (accounting for 34.78% of the total area) in suburban and rural areas. The
results from this study demonstrate the combination of NDVI and classification method
using Landsat images are promising for assessing FVC change in megacities.
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INTRODUCTION

Vegetation is a general term for the plant
community on the ground surface, such as
forests, shrubs, grassland and agricultural
crops, and it can intercept rainfall,
alleviate runoffs, prevent desertification
and conserve soil and water (Zhang et al.

2013a). Vegetation plays an important role
in the exchanges of carbon, water, and
energy at the land surface (Hoffmann and
Jackson 2000). Fractional vegetation cover
(FVC) refers to the percentage taken by
the vertical projected area of vegetation
(including leafs, stem and branches) in the
total statistical area (Godinez-Alvarez et
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al. 2009; Jing et al. 2011). FVC is not only
one of the main biophysical parameters
involved in the surface processes, which is
also a necessary requirement for Numerical
Weather Prediction, regional and global
climate modelling, and global change
monitoring (Avissar and Pielke 1989; Trimble
1990), but also an important parameter
for describing the surface vegetation, a
comprehensive quantitative variable for
plant community on ground surface, and
a basic data for characterizing ecosystems,
playing an extremely crucial role in the study
of regional ecosystems (Godinez-Alvarez et
al. 2009; Jing et al. 2011). In addition, it can
be also a key parameter in thermal remote
sensing, since it is a basic parameter from
which surface emissivities can be estimated
(Jiménez-Munoz et al. 2009). In terms of
the state-of-art and development trend in
the research on the FVC estimation, Zhang
et al. (2013a) indicated the three main
methods including: field measurement,
remote sensing and a combination of the
two. The former is a traditional method for
the estimation of FVC, which includes visual
estimation method, sampling method and
instrument method according to different
measuring modes (Zhang et al. 2013a) and
plays an major role in survey of land surface
vegetation. With the help of a digital camera
and image processing software packages
(e.g. Photoshop and ERDAS Imagine),
Zhou and Robson (2001) estimated FVC
faster and more accurate. However, the
main advantage of these methods is that
measurement is nearly impossible to gather
enough data over a large area (Zhang et
al. 2013a). The occurrences of remotely
sensed imageries overcome most of these
limitations  of conventional methods.
Remote sensing can be considered
as an effective tool for observing the
distribution and evolution of the FVC. The
characteristics of large scale and periodic
detection with remote sensing data make it
possible to obtain vegetation coverage and
its dynamic change in a large area (Chen et
al. 2010; Xing et al. 2009). Particularly, since
remotely sensed imageries of high spatial
resolution satellite sensors such as Landsat
Thematic Mapper (TM), Enhanced Thematic
Mapper Plus (ETM+) and most recently the
Operational Land Imager (OLI) started to

become available, the FVC estimation and
monitoring from space became easier
(Alejandro and Omasa 2007; Zhang et
al. 2013b). Several methods for the FVC
estimation from remotely sensed data
have been developed, and the main ones
include empirical model (Zhou and Robson
2001), vegetation index (Choudhury 1987),
sub-pixel unmixing models (Asner and
Heidebrecht 2002) and linear spectral
mixture models (Li 2003; Li 2008; Wu
and Peng 2010). When comparing these
methods, Zhang et al. (2013a) indicated
that the shortcoming of the empirical
model is the rely on in situ measurement
data in specific regions, and the measured
result is fairly accurate only if the study
area is small. Whereas, the vegetation
index method may be less accurate than
the empirical model in estimating the
FVC in certain localities. In addition, an
accurate conversion relationship between
vegetation index and the FVC is usually
difficult to obtain (Zhang et al. 2013a).
The linear mixed model combining four
bands was more effective than the simple
vegetation index in estimating the FVC.
Particularly, for Landsat data, a maximum
of four endmembers are usually used
because the three visible bands are strongly
correlated with each other (Small 20071;
Theseira et al. 2002). The term endmember
has been used by Xiao and Moody (2005)
to refer to a pure surface material or
land-cover type that is assumed to have
a unique spectral signature. However,
when applying this approach, Zhang et
al. (2013a) indicated the serious weakness
is the correct identification of NDVI_, and
NDVI _ values. It is therefore, in this study,
a method based on a combination of NDVI
and classification method is proposed
to identify these NDVI_ and NDVI
values. In this method NDVI prowdes
a measure of vegetation density, whereas,
the classification method classifies land
cover into various types. Additionally, this
study attempts to discuss how FVC changes
in megacities are detected through Landsat
images using the two endmember SMA
model. At the same time, an assessment
is conducted concerning the usability
of the proposed method in vegetation
monitoring.
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MATERIALS AND METHODS
STUDY AREA
The city of Hanoi (latitudinally —from

20°3528.2"N to 21°24'15"N and longitudinally
from 105°18'28.21"E to 106°02'15"E), the capital
of Socialist Republic of Vietnam is the political,
economic, cultural, scientificand technological
center of the whole country. Itis located in the
center of the Northern Delta, northern Vietnam
(Fig. 1.). After the new economic policies were
approved in 1986, the Communist Party
and national and municipal governments
attracted international investments for urban
development projects in Hanoi (Logan
2005). Particularly, Hatay province, Vinhphuc
province’s Melinh district and 4 communes
of Hoabinh province’s Luongson district
were merged into the metropolitan area of
Hanoi from August 2008 (Hiep 2014). Rapid
urban development displaced vegetation
in many areas in central Hanoi. Covering an
area of 3,3289 square kilometers, Hanoi is
now the largest city in Vietnam by area. With
an estimated population of 8.05 million and a
population density of 2,300 people for every
square kilometer in 2019, Hanoi satisfies
criteria of being a megacity. It is therefore
Hanoi is selected for this study, exhibiting
rapid population growth and urban expansion
in the form of encroachment to the limited

20°50'0"N 21°0'0"N 21°100"N  21°20'0"N

20°40'0"N

20°30'0"N

agricultural areas in limited directions at the
cost of destruction of vegetation coverage.
The study of FVC changes plays an important
role in integration of knowledge in decision-
making process for future development of the
city.

MATERIALS

In this study, a total of four daytime Landsat-5
TM and Landsat-8 OLI scenes acquired in
July 1986 and June 2019 with 30-m spatial
resolution were collected (Tab. 1.). All the
daytime Landsat TM/OLI datasets were the
standard terrain correction (L1TP) products,
downloaded from the US. Geological Survey
(USGS) website, which provides systematic
radiometric and geometric accuracy estimates
by incorporating ground control points (GCPs)
from the global land survey of 2000 (GLS2000)
and employing a digital elevation model
(DEM) for topographic accuracy. DEM sources
include the Shuttle Radar Topography Mission
(SRTM), the National Elevation Dataset (NED),
Canadian Digital Elevation Data (CDED), Digital
Terrain Elevation Data (DTED), and GTOPO 30
(a global DEM from the USGS). All the datasets
were projected in the UTM Zone N48 and
WGS 1984 ellipsoid datum. In addition, the
field survey data were also collected and used
to validate FVC estimated from 2019 June
Landsat image.

105°20'0"E  105°30'0"E  105°40'0"E  105°50'0"E  106°0'0"E
1 1 1 1 1
T J X

T
21°20'0"N

PHU THO
+ VINH PHUC

T
21°10'0"N

BAC NINH

T
21°0'0"N

HOA BINH

20°50'0"N

HUNG YEN

T
20°40'0"N

0438 16 24
BB Kilometers

T T
105°20'0"E ~ 105°30'0"E  105°40'0"E ~ 105°50'0"E  106°0'0"E

T
20°30'0"N

Fig. 1. A true color RGB composite from Landsat-8 OLI image collected on June 26,
2019 in Hanoi city (right), northern Vietnam (left)
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Table 1. Details of the Landsat datasets used for FVC change detection in Hanoi city

Landsat Acquisition date | Acquisition time Spatial Image
Path/row . -

sensors (yy-mm-dd) (hh:mm:ss)  |resolution (m)| quality
™ 127/045 01-7-1986 02:46:39 30 9/9
™ 127/046 01-7-1986 02:47:03 30 9/9
OLI 127/045 26-6-2019 03:23:18 30 9/9
OLI 127/046 26-6-2019 03:23:42 30 9/9

METHODS band (RADIANCE_ADD_BAND_n from the

Image pre-processing

This process involved two steps. The
Landsat instruments have aged, and their
characteristics have changed since launch
(Chander and Markham 2003), therefore,
the first step of this process involved the
conversion of calibrated digital numbers
(Q_) to top of atmosphere radiance (L,
mm) using inflight sensor calibration
parameters. The equation (1) and (2) are
used to perform the Q_)-to- Lmemm)
conversion for Landsat-5 TM (Chander etal.
2009; Vu and Nguyen 2018a) and Landsat-8
OLI data (Nguyen and Vu 2019; Vu and
Nguyen 2018b; Zanter 2015), respectively:

Lmax,— Lmin
L- (—) %0~
Qfﬂl,max - Qcalimin (1 )

- Qcalimin) +L minl

where: L is spectral radiance at the sensor’s
aperture  [W/m?2sr.um]; Q. s quantized
calibrated pixel values (DN values); Qi and
Q. s @€ minimum quantized calibrated
pixel values corresponding to L and L
respectively; L and L are spectral at-
sensor radiance, scaled to and respectively

[W/mZsr.um 1.
L = ML cal + AL (2)

at—sensor, A

where: Losonsony 1S the at-sensor radiance
or Top of Atmospheric (TOA) radiance
[W/(m?sr-um)] at the wavelength A (um);
M, is the radiance multiplicative scaling
factor for the band (RADIANCE_MULT
BAND_n from the metadata); Q_, is the

the quantized calibrated pixel value; 4, is
the radiance additive scaling factor for the

metadata)

The second step involves compensating for
atmospheric effects for Landsat reflective
bands using FLAASH algorithm developed
by the Air Force Phillips Laboratory,
Hanscom AFB and Spectral Sciences, Inc
(SSI) (Adler-Golden et al. 1999). The spectral
radiance is calculated using equation (3)
(Adler-Golden et al. 1998; Adler-Golden et
al. 1999):

L*=( Ap )+( Bp. )+LZ 3)
I-p,S I-p,S

where: p is the pixel surface reflectance; p, is
an average surface reflectance for the pixel
and a surrounding region; S is the spherical
albedo of the atmosphere; L " is the radiance
back scattered by the atmosphere; A and Bare
coefficients that depend on atmospheric and
geometric conditions but not on the surface.

The values of A, B, S and L~ are determined
from MODTRAN4 calculations that use the
viewing and solar angles and the mean
surface elevation of 10m. These atmospheric
characteristics quantities assume a certain
model atmosphere, urban aerosol type, and
initial visible range of 40km. All of the Landsat
sensors do not have the appropriate bands
to perform the water retrieval (Flaash 2009).
Therefore, in this study, the water retrieval was
performed using a constant column water
vapor amount for all pixels in the image which
is determined according to the standard
column water vapor amount for the tropical
atmosphere model. After the water retrieval is
performed, the spatially averaged reflectance
p, is estimated using equation (4) (Adler-
Golden et al. 1998; Adler-Golden et al. 1999):
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L = (M) LI )
e l—peS a

The FLAASH model includes a method
for retrieving an estimated aerosol/haze
amount from selected dark land pixels
in the scene. The method is based on
observations by Kaufman et al. (1997) of a
nearly fixed ratio between the reflectances
for such pixels at 660 nm and 2100 nm.

Estimation of fractional vegetation cover

The form of the linear spectral mixture
analysis is (Jiménez-Mufoz et al. 2009; Li
2003; Small 2001):

R Z 11k+ek (5)

vvhere: R, is the reflectance for each band
(k), n is the number of endmembers in a
pixel, f is the fraction of endmember i, r , is
the reflectance of endmember i at band k,
and e, is the residual term at band k.

The derived fractions of endmembers are
often subject to the unity constraint:

Zn:ﬁ=1 )

Deardorff (1978) expressed heat and
moisture coefficients as linear functions
of fractional vegetation cover. The general
form of the linear relation is written as:

D=(-0)x O_, +0xD 7)

where: @ is the heat or moisture coefficient,
®_, and O©_, are contributions from
vegetated ground and bare soil, respectively,
and o is fractional vegetation cover. Wittich
and Hansing (1995) applied this general
formulation to NDVI for the approximation of

FVC using the two endmember SMA model:
NDVI = f"NDVI,,, + (1~ f) " NDVI ®

soil

which can be rewritten as:
NDVI - NDVI

f — soil (9)
NDVI,, —NDVI,,
where: NDVI_is the NDVI value of a pure

green vegetauon pixel, NDVI_is the NDVI of
bare soil, NDVI is the value of ND\/I given by:

ND V] pmr pred (‘] O)
pmr - l)red

where: o~ and p_, are the at-surface
reflectivities obtained from sensor bands
located in the near infrared (NIR) and red
spectral regions.

The main problem when applying equation
(7) is the correct identification of NDVI_,
and NDVI_ values. This is a critical task,
so these values are region- and season-
specific. Hence, for global studies with very
low spatial resolution data (0.15° x 0.159),
Gutman and Ignatov (1998) proposed
ND\// 70 04 + 003 and NDV/ 70 52
+ 003 which correspond to minimum
and maximum values of the desert and
evergreen clusters, respectively. Sobrino and
Raissouni (2000) considered a similar value
for NDV/VEQ (0.5), but a NDVI_, value of 0.2.
In this study, the land surface coverage was
mainly composed of vegetation, residential
area, surface water (rivers, lakes and small
ponds), bare soil and sand. To accurately
estimate NDV/Veg and NDVI_, the land cover
in the study area was first classified into five
categories of vegetation, residential area,
surface water (rivers, lakes and small ponds),
bare soil and sand on a Supervised Maximum
Likelihood (ML) Classification method,
which calculated the discriminant functions
for each pixel in the image (Richards and
Richards 1999). The 5% and 95% confidence
levels of NDVI values corresponding to each

land cover type, NDVI,, and NDVI,,, were

then computed. NDVI_and NDVI _of each

pixel were then calculated for each image

using the following equations:

NDVI, = Z NDVI,,'P (n)
. (12)

NDVI,, = 2 NDVI,,, P

where: P is the pixel values in the "
binary images with 0 and 1 representing
none and one of the above classified land
cover type pixels, respectively; n is the
number of land cover types.

Fractional
detection

vegetation cover change

The change of FVC at pixel i is computed
using the following equation:

f;‘hang671 = f;imeizi - f;imeili (1 3)
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where:f ~ andf  are FVCofthe /" pixel
estimated in the first and second year. In
this study, five levels of FVC changes are
obtained and were ranked accordingly:
(i) high decrease, if —1sf <O6 o (i)
low decrease, if O6<f mge< 02 (i) no
change, if O2<fhan e<02 (iv) low increase,
<0.6 and (v) high increase, if
06<f, <10.

change

RESULTS AND DISCUSSIONS
Accuracy assessment

In this study, in order to assess the
accuracy of the Landsat-8 OLI data in
FVC estimation, a validation of ground
quadratic data and the FVC results
retrieved from the Landsat-8 OLI data was
made. A total of 32 in situ measurements
in forest, grassland, farming land,
building and surface water were used
to do the fitting analysis for accuracy
assessment. Data from Fig. 2 shows the
result of validation of the FVC as retrieved
from the Landsat-8 OLI against the 32 in
situ measurements. Obviously the FVC
retrieved from the June 2019 Landsat-8
OLI data fits well with the field survey
results. The root mean square error
(RMSE) of the FVC values retrieved from
June 2019 Landsat-8 OLI with reference
to the in situ data is 0.02 with R square =
0.935. Data in Figure 2 shows that there

are 2 points in the upper right corner
which are located quite far away from the
regression line and can be considered
outliers. The measured and estimated
FVC values of these points were [0.98;
0.79] and [0.7; 1.0], respectively. The value
difference of the first pair shows that
there was not much difference between
measured and estimated FVC of 0.19 in
this area. The second pair had a bigger
difference in value of 0.3. Uncertainties
may have affected the accuracy of the
proposed method. The main uncertainty
was the inconsistencies in the spatial
resolution between in situ samples of (40
m x 40 m for a large area; 30 m x 30 m for
a small area) and Landsat TM/OLI images
(30 m x 30 m). In addition, the effects of
leaf area index under different vegetation
types and land cover types were also
not taken into consideration in the FVC
estimation. These uncertainties may have
caused the fractional vegetation cover
estimation results to have the above-
mentioned outliers. However, these
outliers only account for 6.2% of total in
situ samples (2/32). More importantly, a
low value of RMSE of 0.02 and a relatively
high R squared (R? = 0.935) indicate
the reliability of the predicted model.
The results show that the proposed
approach performed well in estimating
FVC and had good consistency with in
situ measurements.

S 1 RMSE=0.02
R? Linear = 0.935
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Fig. 2. Scatter plot of measured FVC and FVC estimated from Landsat imagery
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Fractional vegetation cover

The FVC determined from Landsat TM
and OLI images is shown in Fig. 3 and
4. Data in Fig. 3 shows that, in general,
the FVC obtained in 2019 was higher
than that of 1986, especially in suburban
areas. Data from histograms in Fig. 4
shows that, when comparing to the
FVC in 2019, the total area of low FVC
(approximately 0) in 1986 accounts for
larger area. Meanwhile the FVC ranging
from 0.4t00.8in 2019 had more area than
that of 1986. Data from the histogram
in Fig. 4. (left) and Tab. 2. obtained in
1996 demonstrates that the largest area
of 9644 km? was detected with low-
density vegetation cover (0.2<FVC<0.4)
which accounting for 28.8% of the total
area, followed by 8250 km? (24.7%)
of very low-density vegetation cover
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(0.0<FVC<0.2), 6788 km? (16.2%) of
medium-density  vegetation  cover
(0.4<FVC<0.6), 542.0 km? (20.3%) of high-
density vegetation cover (0.6<FVC<0.8),
and 3355 km? (10.0%) of very high-
density vegetation cover (0.8<FVC<1.0).
The density line in Fig. 4. (left) shows a
fairly uniform distribution among FVC
intervals. The bell-shaped curve at about
0.3 indicates that the FVC in the range of
from 0.2 to 0.3 takes up a larger area than
the other intervals. Meanwhile, data from
the histogram in Fig. 4. (right) and Tab.
2. obtained in 2019 demonstrates that
the FVC area in the range of 0.0 to 0.2
had decreased to 229 km? (accounting
for only 6.8% of the study area), low-
density vegetation cover (0.2<FVC<0.4)
accountedfor616.2 km?(18.4%), medium-
density vegetation cover (0.4<FVC<0.6)
accounted for a larger area of 1277.9 km?
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Table 2. Summary of FVC areas in 1986 and 2019 in Hanoi, Vietnam

1986 2019
FVC Levels
Area (km?) Percentage (%) |  Area (km?) Percentage (%)

[0.0,0.2] | Verylow 825.0 24.7 2290 6.8
[0.2,04] Low 964.4 288 616.2 184
[04,06] | Medium 678.8 203 1277.9 38.2
[0.6,0.8] High 5420 16.2 982.4 294
[0.8,1.0] | Very high 3355 10.0 240.1 7.2

Total 3345.7 100.0 3345.7 100.0

(38.2%), high-density vegetation cover
(0.6<FVC<0.8) with 9824 km? (29.4%),
and very high-density vegetation cover
(0.8<FVC <1.0) with only 240.1 km? (7.2%).
The density line in Fig. 4. (right) shows
the bell-shaped curve was at in the range
of 0.4-0.6 and 0.6-0.8 indicating that the
FVC areas distributed mainly in the range
of 0.4 t0 0.8.

Fractional vegetation cover changes

The results of FVC changes during the
period of from 1986 to 2019 in the area
of Hanoi are shown in Fig. 5 and 6, and
are statistically summarized in Tab. 3.
Data from Tab. 3 demonstrates that FVC
has been significantly reduced to an
insignificant area of 0.9 km? (accounting
for 0.03% of the Hanoi surface area)
mainly occurring in the city center (Fig.
5). FVC slightly reduced an area of 321.6
km? (accounting for 9.61% of the total
area). These areas were mainly detected
in densely populated areas in the center
of the city. No change of FVC covered
an area of 1724.8 km? (accounting for
51.55%). Data from the histogram in Fig.
6 also shows that FVC change peaks at
about 0.0 which occupies a very large
area of 126 km? (3.8% of total area).
This indicates the vegetation density in
these areas remained unchanged after
33 years. Meanwhile, FVC in the range of
from 0.2 to 0.6 had increased markedly
with an area of 1163.6 km? (accounting
for 34.78% of the total area). In addition,
some areas of FVC high increase were

also detected with an area of 134.8 km?
(equivalent to 4.03% of the total area). It
can be seen that FVC in the Hanoi city
increased mainly in suburban districts
and strongly decreased in urban districts
in period of 33 years from 1986 to 2019.

The results showed that fractional
vegetation cover has dramatically
decreased in urban districts such

as Tayho, Badinh, Caugiay, Dongda,
Hoankiem, Thanhxuan, Haibatrung,
Hoangmai and Longbien and some areas
of Donganh suburban district because of
the incessant urbanization process in the
central urban areas and some sub-urban
areas of the Hanoi city, especially after
the Doi Moi Policy started in 1986 (Logan
2005) which has greatly contributed to
the rapid urbanization process in Hanoi
city (Tsunoda et al. 2014). The rapid
development in these urban areas has
brought the replacement of among
land cover types especially vegetation
cover replaced with urban built-up land
(Nguyen et al. 2019). These findings were
similar to those reported in previous
studies (Hoang 2016; Hoang 2017).
Particularly, the emergence of Hatay
province, Vinhphuc province's Melinh
district and 4 communes of Hoabinh
province’s Luongson district into the
metropolitan area of Hanoi in August
2008 (Hiep 2014) has led the rapid urban
development displaced vegetation in
many areas, especially in urban districts.
The increase of FVC was mainly detected
in sub-urban districts such as Socson,
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Myduc, Sontay, Chuongmy, Quocoai,
Thachthat and Bavi. This increase of FVC
was mainly due to afforestation policies
to increase the forest cover in Bavi
National Park (Thinh 2006) and forests in
these sub-urban districts (Clement and
Amezaga 2009; Clement et al. 2009).

CONCLUSIONS

In this study, fractional vegetation
cover changes in Hanoi city (Vietnam)
during the period of 1986-2019 were
assessed using the two endmember
spectral mixture analysis model which is

based on the combination of NDVI and
classification method from Landsat-5
T™M and -8 OLI images. Landsat
remotely sensed images were first pre-
processed. FVC was then estimated by
NDVI and Maximum likelihood (ML)
classification algorithm. The estimated
FVC results were validated using 32 in
situ measurements. The assessment of
FVC changes was finally carried out with
the help of GIS. It was found that the
combination of NDVI and ML method
allows for an improved estimation
of FVC with the statistically achieved
root mean square error (RMSE) of 0.02
(R?=0.935). Total FVC area of 321.6 km?
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Table 3. Summary of the FVC changes in Hanoi city from 1986 to 2019

Fve Levels of Area (km?) | Percentage (%) Zones
change | change
) High Small areas of urban districts such as
[1.0:-0.6) decrease 09 003 Tayho and Donganh.
Some areas of urban districts: Tayho,
o Low Badinh, Caugiay, Dongda, Hoankiem,
[-06;-0.2] decrease 3216 261 Thanhxuan, Haibatrung, Hoangmai
and Longbien.
Areas of sub-urban districts such as
. Bavi, Myduc, Sontay and of urban
[0.2; 02]|No change | 17248 2125 district such as Tayho, Badinh,
Hoankiem, and Haibatrung.
Low Outer-city districts such as Socson,
[0.2; 0.6] increase 11636 3478 Myduc, Sontay, Chuongmy, Quocoai,
Thachthat and Bavi.
Outer-city districts such as east of
' High Dong Anh, north of Gialam and
0.6 1.0] increase 1348 403 Thanhoai, north of Danphuong and
south of Melinh.
Total 3345.7 100.0

(accounting for 9.61% of the total area)
was reduced in the center of the city,
whereas, FVC increased markedly with
an area of 1163.6 km? (accounting for

34.78% of the total area) in suburban and
rural areas. The results from this study
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ABSTRACT. This study aimed to reconstruct the climatic moisture conditions of the Mid-
Russian Upland through the Holocene. Surface moisture conditions in the study region
were inferred from published pollen records from the Klukva peatland, in the north-
west of the Mid-Russian Upland. Three climatic indices were derived from previously-
published reconstructions of mean annual temperature and precipitation: the Climate
Moisture Index, the Aridity Index and the Budyko Dryness Index. A simple modeling
approach to reconstruct annual potential evapotranspiration and net radiation was
developed and used to estimate the indices for different periods of the Holocene. The
moisture indices were compared with independent proxies of climate moisture such as
peatland surface wetness, reconstructed from testate amoebae and regional fire activity,
reconstructed from charcoal. Results show that the surface moisture conditions in the
study region were characterized by large variability. Periods of mild temperature and
moderately wet conditions were followed by dry periods, which resulted in significant
changes in palaesoenvironments. The method developed for calculation of potential
evapotranspiration and indices of surface moisture conditions could be a useful tool for
climate reconstructions. Our results demonstrate the detailed and nuanced palaeoclimate
data which can be derived from pollen data.
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INTRODUCTION

Information about spatial and temporal
variability of climate and vegetation
in past epochs is important for better
understanding  of  climate-vegetation
interactions and prediction of possible
vegetation changes under future climate
change scenarios. During recent decades
various  proxy methods have been
developed and applied for reconstructions
of plant species composition and regional
climatic conditions (Khotinsky 1977; Zagwijn
1994: Isarin, Bohncke 1999; Krementski
et al. 2000, Barber et al. 2004). Many
methods are based on analysis of pollen
data in order to reconstruct long-term
temperature variability. While pollen-based
temperature reconstructions often perform
well, reconstructions of climatic moisture
conditions are largely limited to assessing
major changes between wetter and drier
phases (Velichko et al. 2002; Stancikaite et al.
2008; Inisheva et al. 2013; Kalnina et al. 2015).
Precipitation amount has been considered
as key factor influencing surface moisture
conditions in these studies (Khotinsky
and Klimanov 1997; Nakagawa et al. 2002;
Davis et al. 2003; Tarasov et al. 2009; Mauri
et al. 2015). Surface evapotranspiration
(potential and actual evapotranspiration)
has been either ignored, or parameterized
using simplified regression functions and
modeling approaches (Prentice et al. 1992;
Olchev and Novenko 2012; Novenko and
Olchev 2015). Other studies have compared
pollen-based  moisture  reconstructions
to independent reconstructions of local
surface moisture based on methods such
as plant macrofossil and testate amoeba
analysis from peatlands (Lamentowicz et al.
2008; Bunbury et al. 2012; Gatka et al. 2017,
Tsyganov et al. 2017).

Boreal and temperate forests cover large
areas of Northern Eurasia and are expect-
ed to be very sensitive to projected climate
warming (Olchev et al. 2009, 2013; Noven-
ko et al. 2014). Despite numerous studies
of past temperature variability, temporal
change in surface moisture conditions
and effects on vegetation cover are poor-
ly-constrained. According to the classical
paradigm (the so-called ‘Blytt-Sernander

scheme with Khotinsky modification’ (Kho-
tinsky 1977), the climate conditions of the
Holocene in the East European Plain can
be classified as follows: a cold and relative-
ly dry Boreal (10.3 — 8.8 ka BP), a wet and
warm Atlantic (the Holocene thermal max-
imum, 8.8-5.7 ka BP), a cool and dry Subbo-
real (5.7-2.6 ka BP) with a warm phase in its
middle part, and a wetter Subatlantic (2.6
ka BP — present). Recent studies have how-
ever demonstrated that the Holocene cli-
mate conditions in the East European Plain
were characterised by greater variability
than was previously supposed. Specifically,
it has been shown that the Boreal period
included a humid phase between 9.3 and
9.1 ka BP (Fleitmann et al. 2008; Novenko
and Olchev 2015). The early Atlantic warm-
ing period was interrupted by a short-term
but abrupt cooling, the so-called ‘8.2 ka
event, which has been traced, almost si-
multaneously, in northwestern Europe (Al-
ley et al. 1997; Allen et al. 2007; Thomson
et al. 2007). The late Atlantic (7.0-5.5 ka BP)
may have been relatively dry in Eastern
Europe as studies have shown decreased
river discharge in Central European Russia
(e.g. Sidorchuk et al. 2012) and very high
fire frequency in some regions of the East
European Plain (Novenko et al. 2016, 2017).

In this study we attempt to develop a de-
tailed reconstruction of Holocene climate
moisture conditions in the north-west of
the Mid-Russian Upland. The study area is
situated close to the southern boundary
of the mixed coniferous-broad leaved fo-
rest zone, in the ecotone between forest
and steppe zones (Fig. 1). This combination
makes the vegetation of the area very sen-
sitive to changes in regional thermal and
moisture conditions. To reconstruct mois-
ture conditions through the Holocene we
use several different surface moisture indi-
ces: the Aridity Index, the Budyko Dryness
Index and the Climate Moisture Index. All
of these indices classify moisture condi-
tions as the difference between available
annual precipitation and potential land
surface evapotranspiration. For the re-
construction of these parameters we use
previously-published pollen-based recon-
structions of the mean annual tempera-
ture and precipitation from a small peat
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bog (Klukva) situated in the northwestern
part of the Mid-Russian Upland (Novenko
et al. 2015). To verify reconstructed mois-
ture conditions of the study area through
the Holocene we compare pollen-based
reconstructions to independent proxy data
on peatland surface wetness inferred from
testate amoebae (Tsyganov et al. 2017)
and to reconstructed regional fire activity,
based on charcoal (Novenko et al. 2018).

MATERIALS AND METHODS
Study area

The Klukva peatbog (53.834°N, 36.252°F) is
located on the sandy fluvio-glacial plain ad-
jacent to the right bank of the Upper Oka
River, near the town of Belyov (Tula region)
in the north-western part of the Mid-Rus-
sian Upland (Fig. 1). Early-to-Middle Pleis-
tocene fluvio-glacial sands are underlain by
Lower Carboniferous limestones, resulting
in active karst processes. Previous studies
by Novenko et al. (2015) have shown that
the Klukva peatbog was formed in a sink

a)

hole (280 cm depth) around 10.0 ka BP. An
age-depth model of the peat core has been
developed based on 6 radiocarbon dates
using the "clam 2.2" package (classical age-
depth modelling; Blaauw 2010).

The climate of the study area is temperate
and moderately continental with a mean
annual air temperature +5.5°C and mean
January and July temperatures of -9.7°C
and +19°C, respectively. The mean annual
precipitation is about 600 mm [http://www.
meteo.ru]. The vegetation cover of Klukva
peatbog largely consists of ombrotrophic
species with Pinus sylvestris, Oxycoccus pa-
lustris, Eriophorum vaginatum and Sphag-
num mosses particularly abundant (Volkova
2011). The peatbog is surrounded by very
diverse mesophytic and hygromesophytic
coniferous and mixed broadleaf-coniferous
forests (Bohn et al. 2003). The main forest
forming species in the area are Picea abies,
Tilia cordata, Quercus robur, Ulmus laevis, Ul-
mus glabra and Acer platanoides. Scots Pine
(Pinus sylvestris) forests are also present in
areas of sandy soils (Fig. 1).

60°

50°

0 50 100 km
[ —

' 2 ] G ¢ S

Fig. 1. Location of the study area
a) Location of the Mid-Russian Upland within the East European Plain

b) Vegetation map of the Mid-Russian Upland (after Bohn et al., 2003) and location

of the Klukva peatland. Vegetation units: 1 - Mesophytic and hygromesophytic

coniferous and mixed broadleaf-coniferous forests; 2 - Mesophytic deciduous
broadleaf and mixed coniferous-broadleaf forests; 3 - Boreal and hemiboreal pine

forests, 4 — Forest steppe; 5 - Vegetation of flood-plains and other moist or wet sites.
) Klukva peatland and location of the coring site
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Reconstruction of the air temperature
and precipitation

Mean annual temperature and precip-
itation were reconstructed using the
Best Modern Analogue (BMA) technique,
based on pollen data. Details of the BMA
approach have been described in many
previous publications (e.g. Nakagawa et
al. 2002; Williams and Shuman 2008) and
the implementation applied here has been
described and tested in several studies in
various regions of the East European Plain
(Novenko et al. 2015; 2016; 2017). The
main principles of this technique can be
summarized as follows: (i) comparing the
fossil pollen assemblages with modern
pollen assemblages using squared-chord
distance (SCD) as the index of dissimilarity
between pollen spectra (two spectra are
considered analogous if their SCDs are less
than a threshold “T" value); (ii) for each fos-
sil assemblage selecting the closest mod-
ern pollen assemblages (the best modern
analogues). The climatic characteristics
(temperature, precipitation, etc) of these
selected best analogues are then averaged
to estimate the environmental conditions
represented by the fossil assemblage. The
threshold value used in our study is 0.1. We
kept eight best modern analogues for data
analysis as recommended by Nakagawa et
al. (2002). BMA calculations were undertak-
en using Polygon 1.5 software (http://pol-
systems.rits-palaeo.com).

As modern analogues for our reconstruc-
tion we used 720 pollen spectra originat-
ing from a wide diversity of landscapes
in Northern Eurasia, including European
Russia and Siberia (Novenko et al. 2014). All
modern surface samples were extracted
from the European Pollen Database (Davis
et al. 2014). Climatic information was taken
from the BRIDGE Earth System Modelling
dataset (https://www.paleo.bristol.ac.uk).

Analogue selection was geographically
constrained (Williams and Shuman 2008).
We used surface pollen spectra only from
the places in which the modern vegetation
and environmental conditions could be
considered potentially analogous for Holo-
cene paleoenvironments in the forest zone
of the East European Plain. Therefore we re-

stricted the area of calibration datasets to
the northern and eastern parts of Europe,
and Western Siberia (30-55°N, 45-65°E).

To test the accuracy of climate reconstruc-
tions based on the BMA approach, a leave-
one-out cross-validation was applied to
the modern training set (Ter Braak 1995).
One modern pollen spectrum was sequen-
tially removed from the total modern data
set and mean annual temperature and pre-
cipitation were calculated for our site on
the basis of the remaining data.

Comparisons of pollen-based reconstruc-
tions of mean annual temperature with
observed values in the sites show a strong
correlation (R? = 0.81, RMSEP = 1.5 °C). Cor-
relation between reconstructed and ob-
served values of annual precipitation are
somewhat lower (R = 0.51 and RMSEP =
1017 mm); however we assume that they
are nevertheless adequate for the recon-
struction of prevailing climatic changes in
the area.

Itis clear that climatic reconstructions pro-
vided by the BMA approach are reliable
only in the case of undisturbed vegetation
not affected by human activity. In our pol-
len records from the Klukva peatbog, three
periods of human impact were identified:
the Neolithic occupation (5.2 — 4.3 ka BP),
the Middle Ages (about 1.2-0.9 ka BP) and
the last 300 years (Novenko et al. 2015).
These periods with pollen assemblages
representing vegetation disturbance were
therefore excluded from our data analysis.

Indices of surface moisture conditions

To quantify change in surface moisture
conditions through the Holocene we
re-analysed the results of published paleo-
reconstructions of annual temperature and
precipitation. From the pollen-based re-
constructions we calculated three indices
characterizing surface moisture conditions:
the Aridity Index, the Budyko Dryness In-
dex and the Climate Moisture Index (Fig. 2).

The Aridity Index (Al) is calculated as (UNEP
1992):
Al =P/ PET 1)
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where PET is the annual potential evapo-
transpiration (mm/yr), and P is the annu-
al precipitation (mm/yr). For humid and
sub-humid areas Al is typically greater
than 0.65, while for dry sub-humid areas A/
is typically between 0.50 and 0.65 and for
semi-arid and arid areas Al is typically lower
than 0.50 (UNEP 1992).

The Budyko Dryness Index (DI) can be cal-
culated as (Budyko 1958):

DI=Rn/ AP (2)

where Rn is mean annual net radiation at
ground surface (MJ m? yr') and A is latent
heat of vaporization (MJ kg™'). The ratio of Rn
and A can be considered as a rough equiv-
alent to potential evapotranspiration rate.
The Rn value in our study is calculated as a
sum of mean daily net radiations estimated
taking into account the annual variability of
incoming solar radiation, surface albedo, air
temperature, etc. For excessively wet areas
Dl is typically lower than 0.45, for wet areas
it ranges between 0.45 and 1.0, for insuffi-
ciently wet areas DI varies between 1.0 and
3.0 and dry areas are characterized by DI >
3.0 (Giese 1969).

An Annual Average Climate Moisture In-
dex (CMI) has been suggested by Willmott
and Feddema (1992) and compared to oth-
er dryness and moisture indexes it is well

adapted to evaluating moisture conditions
in both dry and humid regions. The CMI
indicator ranges from -1 to +1 and can be
computed as:

(P/ PET)—1 when P< PET (3)
1= (PET /| P) when P> PET

Wet climates are characterized by positive
CMI, and dry climates by negative CMI, re-
spectively. To quantify the various surface
moisture conditions we used the nine cat-
egories described in Table 1.

CMI =

These categories were determined accord-
ing to the drought index classification sug-
gested by Rind and Lebedeff (1984). Annual
P is obtained by the BMA technique and
annual PET is assumed to be equal to po-
tential evaporation (PE), is simulated based
on the well-known Priestley-Taylor equation
(Priestley, Taylor 1972) from mean daily PE
values (PEd) as:

Ne MO A Rn
PET=PE= | PE, -di=ct, « || —— " |. gt
J ! " J[Aw A J
(4)

where N is the number of the days per year,
y is the psychrometric constant (y=0.0665
kPa °C"), a,, is the Priestley-Taylor constant
(a,,=1.26 mm day") and A is the slope of the
relationship between saturation vapor pres-
sure and the air temperature (A, kPa °C?).

A can be parameterized as:

Table 1.The main categories applied to describe the surface moisture conditions using
the Climate Moisture Index

CMlranges Categories of surface moisture conditions

08t0 1.0 Extremely wet

061008 Severely wet

021006 Moderately wet

0t00.2 Mildly wet
0.0 Normal

-02t0-00 Mildly dry

-0.6t0-0.2 Moderately dry

-0.81t0-0.6 Severely dry

-1.0t0-0.8 Extremely dry
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. (5)
4098.0+ | 0.6108- exp| L7271
T+237.3

A=

(1+237.3)

where T is the mean daily air temperature
on the sequential day of the year. This is ap-
proximated by a sine function using recon-
structed mean annual temperature and
annual temperature range.

The daily net radiation at ground surface
is derived as a sum of short-wave (Rn) and
long-wave (Rn) radiation balances:

Rn=Rn_+Rn =Q-(1-a)+(R, - R,) (6)

where Q is the incoming daily solar radia-
tion, a is the surface albedo and R, and R
are the incoming and outgoing long-wave
radiation, respectively. Surface albedo de-
pends on vegetation types (e.g. conifer-
ous forest, deciduous forest, mixed forest,
grassland), soil properties and forest cover
percentage.

Following to McMahon et al (2013) the
equation for Q can be written as:

0=0,-(0.85-0.047-N) 7)

where N is the number of tenths of the sky
covered by clouds and Q. is mean daily so-
lar radiation on a horizontal surface at the
top of the Earth's atmosphere, which can
be calculated as:

0, =86400/ Oy, - d’+ (w,-sinp-sind+  (8)
+cos@+cosd -sinw,)

where Q. is the solar constant

(Q,=0.001367 MJ m2sT), @ is latitude, d, is

the inverse relative distance between the

Earth and the Sun, § is the solar declination
angle, and w is the sunset hour angle.

Equations for d" can be written as (McMa-
hon et al. 2013):

d_=1+0.033- cos(27+ doy / 365), )
for w, as:

o =arccos(—tan¢-tand) (10)
and for & as:

& =0.409.sin(27 - doy / 365—1.39) (11)

where doy is the sequential day number of
the year.

The equations for R and R_ are written as:
R,=0.97-0(T+273.16)" (12)
R,=(C,+(1-C,)-(1-(0.261-exp(~7.77 x

x10*.T*))) -0+ (T +273.16)*

where o is the Stefan-Bolzmann constant
(0=4.903x10° MJ m~? K* day™") and G the
fraction of cloud cover that is derived em-
pirically as a function of mean daily precip-
itation (McMahon et al. 2013).

Reconstruction of peatland surface wet-
ness

Peatland surface wetness in terms of the
water table depth (WTD, cm), has been
suggested to be a useful proxy for cli-
mate moisture conditions. WTD was re-
constructed from palaeoecological data
(Novenko et al. 2015) using a testate
amoeba-based transfer function (inverse
weighted averaging regression model)
which was specifically developed for the
forest zone of European Russia (Tsyganov
et al. 2017). The transfer function included
80 samples from 18 peatlands located in
the taiga, mixed and broadleaf forest, and
forest-steppe zones of European Russia.
Leave-one-out cross-validation showed
reasonably strong model performance (R?
= 0.74; RMSEP = 5.5 cm). In ombrotrophic
peatlands, water-table depths inferred
from testate amoebae generally reflect the
length and severity of the summer mois-
ture deficit, which may correspond to rate
of summer precipitation and evapotrans-
piration (Charman 2007).

Reconstruction of fire activity

As an additional independent proxy for
climate moisture conditions we used the
macro-charcoal record from the Mochulya
peatland in the “Kaluzhskie Zaseki” Natural
Reserve, located 70 km to the north-west
of the Klukva peatbog. The results of mac-
ro-charcoal analysis were expressed as
charcoal concentration (pieces cm?). The
chrononology for the cores is based on
5 radiocarbon dates with an age-depth
model produced by the “clam 2.2" pack-
age (Blaauw, 2010). The main source of
macroscopic charcoal particles (>125 um)
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in peat deposits is assumed to be atmo-

ues (about 600 mm per year). Overall, the

spheric deposition as a result of convective  climate in the period was relatively humid: o
processes arising from the thermal effects ~ CMI reached 0.3-0.4 (moderately wet); the g
of fires (Mooney and Tinner 2011). Fire oc-  Aridity Index was around 1.5 and the Bu- 5
currence and intensity can be assumed to  dyko Dryness Index varied from 0.5 to 0.8 e
represent climatic aridity in the absence (Fig. 2). WTD reconstructed from testate v
of human activity. Macro-charcoal records amoeba data was not lower than 5 cm, in- "'d
are available for the last 4200 cal yearsonly.  dicating a relatively high water table and a

wet peatland surface environment. "
RESULTS AND DISCUSSION o

We reconstructed variability in environ-
mental conditions over the last 10.0 ka BP
(Fig. 2) using pollen-based modeling ap-
proaches for the reconstruction of changes
in surface moisture indices, and compared
them with independent proxy data (Fig.
3). Pollen data showed that the study area
was occupied mainly by pine-birch forests
with minor admixture of Quercus, Tilia and
Ulmus between 10.0 and 8.5 ka BP (the sec-
ond part of the Boreal period). During this
period the climate was colder than today
with the mean annual temperature around
3-40C, 2-3°C lower than at present. The an-
nual precipitation was close to modern val-

Water table
depth, cm

During the period 10.0-85 ka BP climatic
fluctuations with a duration of several cen-
turies were identified. A cooling phase de-
tected at 9.3-9.2 ka BP correlates with the 9.2
ka event (Fleitmann et al. 2008). This cooling
was associated with increased precipitation
(by about 100 mm), and reduced potential
evapotranspiration. As result, the CMI in the
period declines to 0.1, corresponding to
moderately wet surface moisture conditions
(Fig. 3).

Between 8.5 and 6.7 ka BP climate was warm
and moderately wet. The mean annual tem-
peratures reached 6-7.5°C, 1.0-2.5°C higher
than at present. The mean annual precip-

Mean annual
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Annual
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Macro-charcoal
concentration
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Fig. 3. Summary of pollen records from the Klukva peatland, reconstruction of climatic
conditions and water table depth inferred from pollen and testate amoeba data;
macro-charcoal data from the Mochulya peatland, located in the Kaluzhskie Zaseki
Natural Reserve. Grey bands indicate periods of probable vegetation disturbance due
to human impact
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itation increased to 800 mm and exceeded
modern values by 200 mm. CMI increased
up to 0.3 (around 7.5 ka BP); the Aridity Index
decreased to 1.3-1.4 and the Budyko Dryness
Index was close to 0.6 (Fig. 2) Reconstructed
WTDs varied from 5 to 10 cm, indicating a
moderately wet peatland surface environ-
ment (Fig. 3). Vegetation cover was repre-
sented by Quercus forests with an admixture
of Ulmus, Tilia, Fraxinus and Corylus in the
understory (Novenko et al. 2015). This spe-
cies composition persisted in the study area
during the middle and late Holocene, until
disturbance by humans in historical time.

In the period 6.7-5.5 ka BP, the mean annu-
al precipitation decreased to modern values
while the temperatures remained somewhat
higher than at present. Climate conditions
became somewhat drier than present, as
demonstrated by surface moisture indices
(Fig. 2): CMI decreased to-0.1 (mildly dry) and
the Aridity Index dropped to 0.9-1.0 while the
Budyko Dryness Index increased to 0.8-0.9.
Reconstructed WTDs fell to 15 cm, probably
due to reduced summer precipitation and/
or greater evapotranspiration. These findings
agree well with evidence for decreased river
discharge in the Don and Dnieper Rivers ba-
sins during this time (Sidorchuk et al. 2012),
and evidence for very high frequencies of
forest fires in the Meschera Lowlands (No-
venko et al. 2016; Dyakonov et al. 2017).

During the next phase, 5.5-3.7 ka BP, mean
annual temperatures decreased to modern
values, and mean annual precipitation varied
around 600 mm. CMI rose up to 0.2, indicat-
ing increased climate humidity. The Aridity
Index varied from 1.1 to 1.2 and the Budyko
Dryness Index was 0.7-0.8 (Fig. 2). WTD in-
creased to 10-12 cm, suggesting slightly
wetter surface conditions as compared to
the previous period. This climate deteriora-
tion and increased surface wetness coincid-
ed with global climate cooling (Davis et al.
2003; Mauri et al. 2015) and glacier advances
in the Northern Hemisphere (Solomina et
al. 2015) after 5.7 ka BP. General circulation
model simulations show a clear tendency
for climate cooling in Northern and Central
Europe during the period, primarily driven by
decreased air temperatures in the summer
(Wanner et al. 2008).

Awarm and extremely dry phase was detect-
ed between 3.7 and 2.7 ka BP. Mean annual
temperatures increased to 7-8°C, 1.5-2.5°C
higher than at present, while precipitation
was similar to modern values. An increase
in surface dryness was also shown in the dy-
namics of the moisture indices considered
here. The CMI was about -0.1 (mildly dry) and
reached its minimum for the entire period
under consideration; the Aridity Index de-
creased to 0.9-1.0 and the Budyko Dryness
Index was 0.8-0.9. WTD in the peatland fell
to a depth of 20-25 cm, the maximum water
table depth in the Klukva mire for the entire
Holocene indicative of very dry conditions.

Indirect evidence for dry climate conditions
during this period is provided by a large
amount of macro-charcoal in the Mochu-
lya peatland in the “Kaluzhskie Zaseki” Nat-
ural Reserve (Novenko et al. 2018). It is well
known that the frequency and severity of for-
est fires depends on various factors such as
climate conditions, vegetation type, soil wa-
ter availability and human impact (Whitlock
etal. 2010; Dyakonov et al. 2017). In the areas
where human activity was relatively low, fire
events occur more frequently during dry cli-
matic periods, while fire frequency typically
declines with increasing climatic moisture
(Clear et al. 2014). In the time interval 3.7-2.7
ka BP macro-charcoal accumulation rates in
peat cores from the Mochulua peatland were
an order of magnitude higher than in subse-
quent periods (Fig. 3). In the absence of any
human impact, the high fire activity is likely
to have been caused by summer drought.

Climatic reconstructions in the south taiga
vegetation zone have also shown warm and
dry phases during the same time interval
(Novenko et al. 2017). Based on pollen
and testate amoeba data taken from the
Staroselsky Moch peatbog, in the south of
Valdai Hills the mean annual temperature
exceeded modern-day values by 1-2°C
between 3.4 and 2.5 ka BP, while the CMI
decreased to its minimum values. The WTD
in the Staroselsky Moch peatbog dropped
to 20-25 cm during this time period and
reached the deepest level for the entire
Holocene (Payne et al. 2016).
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During the period 2.7-2.0 ka BP, climate in
the study area became cooler and wetter.
The mean annual temperature dropped
to 4°C and the mean annual precipitation
reached 700 mm (Fig. 3). The CMI increased
to 0.1-02 (mildly wet), the Aridity Index
ranged between 10 and 1.1 and the
Budyko Dryness Index decreased to 0.7-0.6
(Fig. 2). In this period, WTD was 7-12 cm,
which is typical for relatively humid climate
conditions. This cooling was superimposed
on the global temperature decline in Europe,
mainly due to summer cooling from 2.7-2.6
ka BP (Wanner et al. 2011; Mauri et al. 2014).
An increase in climate moisture in Eastern
Europe after 2.6 ka BP was accompanied
by increased rates of peat accumulation in
ombrotrophic peatbogs in the forest zone
of the East European Plain (Klimanov, Sirin
1997; Inisheva et al. 2013; Kalnina et al. 2013;
Novenko et al. 2017), by decreased water
table depth in the peatlands of Poland (Gatka
et al. 2017) and reduced fire frequencies in
different regions of European Russia and
Eastern Europe (Clear et al. 2014; Novenko et
al. 2016, 2017; Dyakonov et al. 2017).

The next warm phase in the study area was
identified between 2.0 and 1.7 ka BP The
mean annual temperatures rose to 7°C and
precipitation varied from 600 to 700 mm per
year (Fig. 3) implying relatively wet climatic
conditions. The CMI in the period exceeded
0.2 (moderately wet), the Aridity Indexwas 1.3
and the Budyko Dryness Index was 0.6 (Fig.
2). WTD moved to 5-10 cm, indicating high
surface wetness in the peatbog. This phase
with relatively warm climate could correlate
with the Roman Warm Period (~200 BC-600
AD/ 2.2 — 1.4 ka BP; Davis et al. 2003). This
warming was followed by cooling between
1.4 and 1.0 ka BP with the mean annual tem-
perature declining to 4°C and precipitation
around 700 mm per year. Probably, this peri-
od corresponded to the European cooling of
the'Dark Ages' (Helama et al. 2017). However,
this cooling was represented in the peat core
from the Klukva mire by a single sample that
is not sufficient for any accurate conclusions.
Climate dynamics during the last millennium
were characterized by a series of short-term
warm and cool intervals (Mauri et al. 2015).
Surface moisture conditions varied between
moderately wet and mildly dry (Fig. 2). Low

sampling resolution due to low peat accu-
mulation rate or, probably, loss of part of the
peat profile due to a fire, and the probability
for human impacts on the vegetation, did
not allow us to make reliable climatic recon-
structions for the last 1000 years.

CONCLUSIONS

The results of climatic reconstructions based
on pollen data from the Klukva peatbog
show clear temporal variability in surface
moisture conditions, derived by the mod-
elling approaches applied here. This study
shows that in the study area during the Ho-
locene, the CMI index reached -0.13 in the
period 3.7-2.7 ka BP and -0.09 in the period
6.7-5.5 ka BP which corresponded to mild-
ly dry conditions, to 0.30-0.35 in the period
between 10.0 and 85 ka BP indicating a
moderately wet climate. The Aridity Index
ranged between 0.88 and 1.6 (humid and
sub-humid climate) through the Holocene,
and the Budyko Dryness Index from 0.49 to
0.93 (wet climate). The temporal variability of
surface moisture conditions agreed well with
indirect estimation of climate wetness using
testate amoeba data and macro-charcoal
analysis.

Our research is the first reconstruction of
the moisture characteristics for the Central
European Russia. It is clear that fully rep-
resentative reconstructions of the climatic
conditions in the study region require addi-
tional data showing, in particular, the spatial
variability of temperature and moisture con-
ditions along meridional and zonal profiles
crossing the Mid-Russian Upland from the
south to the north and the west to the east.
This study provides new data and method-
ological insights towards this aim.
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INTRODUCTION

Natural resources, for which the territory
of Russia has long been famous, are still
providing Russia with survival and even
development (however, very unstable
development) in the conditions of the
continuing crisis of recent decades. The
contribution of the export of mineral
resources alone to the country’s hard
currency proceeds 65-70% (40-54% in
the Soviet Union in the 1980s) and at least
half of the income of the federal budget
(Klyuev 2015).

The high demand for Russian natural
resources in  the global  market
preconditions Russia’s place as a resource-
providing zone on the planet; the strategic
significance of the natural resource

complex' in the country's economy; and
the priority of the earth sciences, including
geography, in the Russian scientific sphere.

Development trends of the Russian natural
resource complex as a whole in the post-
Soviet period were considered in domestic
and foreign literature (Doroshenko et al.
2014; Bradshaw and Connolly 2016; et al.).
However, we are not aware of studies of
the spatial patterns of these trends.

The purpose of the article is to determine
the post-Soviet trends in the development
of the Russian natural resource complex
and their compliance with the criteria
for sustainable development. For the
first time, an attempt is made to map
the post-Soviet industrial and transport
development of Russian territory.

" Natural resource complex is a set of industries that extract and primary processing of natural
resources: extractive industry, agriculture, forestry, water industry, fishery, etc.
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MATERIALS AND METHODS

The materials for the study were official
statistics (Russian Statistical Yearbook 2017;
1994). The mapping is based on materials
from business journalism gathered by this
author, and regional, sectoral and corporate
Internet websites as well as data reported
by separate researchers (Litvinenko 2014;
Makhrova et al. 2008; Savelyeva 2012). A total
of 1040 projects were taken into account:
981 point objects (industrial enterprises and
their facilities) located in 600 settlements as
well as in uninhabited areas, and 59 objects
of linear transport infrastructure (pipelines,
railroads, and power lines)?. Because of the
specific nature of information, the map (Fig. 1)
displays only a representative sample of the
largest investment projects implemented to
date.

The main research method is integrated
small-scale thematic mapping.

RESULTS AND DISCUSSION

After a significant drop in the 1990s, the
production of non-renewable  mineral
resources in Russia practically reached the
Soviet level by the 2010s and even exceeded
it in some positions (Table 1). An exception
is the extraction of nonmetallic building
materials, which has shrunk by a third. This
was caused by a drastic reduction in industrial,
transport, and residential construction, since
the industry of construction materials works
for the domestic market. On the contrary, the
extraction of fuel and energy resources, ferrous
and nonferrous metal ores, and chemical raw
materials are largely export oriented, which
predetermines Russia’s status as a warehouse
of the world’s mineral resources.

Table 1. Dynamics of the extraction of mineral resources and production based on
renewable resources in Russia over 1990-2017 (1990 = 100%)

Product / Year 1990 2000 2017
Coal 100 65 104

il 100 63 106

Natural gas 100 91 108
Iron ore 100 81 89
Nonmetallic building materials 100 27 68
Fertilizers 100 76 141
Peat 100 39 50
Commercial wood 100 31 53
Fish 100 47 58

Grains 100 62 107
Cattle and poultry 100 49 98
Milk 100 62 57
Eggs 100 68 89
Wool 100 24 25

2We made the first attempt at the inventory and mapping of the new construction projects in (Klyuev
2018): we compiled the map displaying about 950 projects.

Source: Russian Statistical Yearbook 2017 1994.

Note. Five-year averages for agricultural products: 1990 for 1986—1990; 2000 for 1996-2000; and

2017 for 2013-2017.
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The export orientation of the mining
industry significantly increased during
the years of restoration of capitalism
in Russia (Table 2). Russia is the world’s
largest exporter of natural gas, while
the gasification of, for example, Sakhalin
region (a gas-producing region) is 14.2%
(2017); in rural districts this index is much
lower. Russia exports most (up to 90%) of
the aluminum, copper, nickel, and zinc it
produces as the domestic consumption
of the non-ferrous metallurgy products,
which refines the economy and makes its
structure more progressive, has dropped
drastically. The Soviet Union consumed
over 10% of the world's aluminum;
contemporary Russia consumes 10 times
less; copper consumption has decreased
by 8 times, and nickel consumption has
decreased by 12 times (Kashin 2009).

Against the backdrop of the increasing
exploitation of the subsurface, renewable
resource—based industries have drastically
reduced the production over the post-
Soviet period. It is noteworthy that
sustainable development implies the
gradual replacement of non-renewable
mineral resources with renewable ones. It
is clear that this problem cannot be solved
overnight. However, it is hard to rely on
solving it if we move in the opposite
direction.

A distinctive geographical feature of the
Russian natural-resource complex has
been the almost full spatial incongruity
of human and resource distribution (an
exception is the soil-climatic resources).
Siberia and the Far East, inhabited by
20% of the population, have 70% of the

Table 2. Extraction and export of oil, gas, coal, and iron ore in Russia

Mineral resources / Year 1993 2000 2005 2011 2017
Qil, million tons
Extraction 354 324 470 512 546
Export 80 145 253 244 253
Export share on extraction, % 226 447 53.8 47.7 46.3
Natural gas, billion cubic meters
Extraction 618 584 641 671 691
Export 96 194 207 187 210
Export share on extraction, % 15.5 33.2 32.3 279 304
Coal, million tons
Extraction 306 258 299 335 410
Export 20 44 80 111 181
Export share on extraction, % 6.5 17.1 26.8 33.1 44.1
[ron ore, million tons
Extraction 76 87 95 104 95
Export 10 19 18 28 21
Export share on extraction, % 13.2 218 189 269 22.1

Source: Russian Statistical Yearbook 2017; 1994.
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natural-resource potential, excluding
agricultural resources. This circumstance
predetermines the key problems
of developing the country's natural
resources: expensive extraction in the
conditions of “ice isotherms”; the absence
of roads, infrastructure, and labor; and
the high price of the transportation of
extracted raw materials to consumers. All
these problems only worsen with time.

The agrarian profile of the regions
has changed, shifting toward crop
production. In the 1980s, it prevailed
only in several southwestern regions, and
now it already dominates most of the
country’s territory, from the dry steppes
to the tundra. The relation between crop
production and livestock production
is of high environmental, in addition to
economic, importance. It predetermines
the type and intensity of agrarian loads
on nature and the proportions between
farmland types (plow land, hay land,
and pastureland) and, thus, the face of
contemporary rural landscapes.

The characteristic features of the current
period are the preferred shrinkage of the
Russianresource space, the concentration
of natural resource use in ‘central
parts, and the economic desolation of
the periphery. This is indicated by the
distribution of industrial investments,
which are, in fact, future anthropogenic
loads, by the country's regions. There
is a concentration of the use of natural
resources in relatively well (by Russian
standards) developed territories, where
the pressure on nature has previously
been high. Beyond the Urals, only the
Khanty—-Mansi  and  Yamalo-Nenets
autonomous districts in Tyumen'’ region
are noticeably distinguished by the level
of investment concentration.

The  inventory  of  implemented
investment projects was used as the
basis for compiling a small-scale map to
display the main features of industrial and
transport development of the territory of
post-Soviet Russia (Fig 1). An exceptional
spatial  differentiation of industrial
construction is revealed, expressed

primarily in its superconcentration in the
Moscow region, as well as in the north-
west (St. Petersburg and Leningrad
region). The northern and eastern
regions of the country are characterized
by focal industrial development and
the dominance of mining enterprises.
In Asiatic Russia large-scale industrial
construction is allocated to Kuzbas,
Khanty—Mansi, and  Yamalo-Nenets
autonomous districts, but the "density"
of development is small (Fig 2). The
resulting map reveals new foci and areas
of change in the natural environment
and its large-scale transformation. The
analysis of the structure of new industrial
construction did not reveal any signs
of its greening. 2/3 of new facilities
are related to basic, environmentally
"aggressive" industries.

The key cause and, simultaneously,
indicator of the desolation of northern
and eastern regions of the country is the
reduction of their population. Between
1991 and 2017, the reduction amounted
to 35% in Murmansk region, 61% in
Magadan region, and almost 68% in
Chukotka autonomous district.

The rate of drawdown in forest harvesting
in the main forestry regions is higher than
in other regions of the country. Remote
wood cutting areas are abandoned,
and forest extraction is concentrated
near thoroughfares. In forest deficient
regions, where the forests are heavily
disturbed, increased felling is observed.
In mountainous regions, especially in the
North Caucasus, mid-mountain and low-
mountain forests and shrubs are felled
intensively for firewood, thus increasing
the areas of mudflow sites.

At the same time, the 2000s witnessed
patchy involvement of export-oriented
resources in newly developed regions,
mainlyinthenorthandeastofthe country.
Among large subsurface development
projects in post-Soviet Russia, we should
note oil and gas extraction at the Vankor
oil and gas, Yurobcheno-Tokhomsk oil
and gas condensate (Krasnoyarsk krai),
and Talakan oil (Yakutia); fields on the
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shelves of the Okhotsk, Caspian, Baltic,
Black, and Pechora seas; the advance
of gas extraction in the Yamalo—Nenets
autonomous district to the north; the
preparation of the development of
Timan bauxites; etc.

The focal development of resources
is becoming more deconcentrated.
Now there are no giant deposits like
Samotlor, Urengoy, and Medvezh'e.
In the early 1970s, the average size of
reserves at newly discovered oil deposits
in Western Siberia was 77 million tons
(30 million tons in the Russian Soviet
Federative Socialist Republic); now it
is 1 million tons. What we see now are
the signs of a late stage in the life cycle
in the country’s main “hard currency
shop”—the Western Siberian oil and
gas province. An increasing number of
infield and interfield pipelines is needed
for each unit of resources extracted. This
increases the environmental risks, since

C N
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such pipelines spill at least 1% of the oil
produced.

Against the background of the
significant reduction in transportation,
which reduced the effects of hazardous
transport on roadside landscapes on
territories between populated localities, a
pipeline—port boom is observed, causing
the transfer of transport—-environmental
threats to offshore zones and their
approach to the Russian borders. Here
we may single out the Blue Stream, Nord
Stream, and Yamal-Europe gas pipelines;
the Turkish Stream and Power of Siberia
gas pipeline projects; the Eastern Siberia—
Pacific Ocean oil pipeline; the Baltic
pipeline system (Kirishi-Primorsk); the
Primorsk oil transshipment terminal; the
Vitino (Murmansk region) and Privodino
(Arkhangelsk region) oil terminals; etc.
The export-oriented raw-stock model of
the Russian economy is secured in new
investments.
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Fig. 1. Industrial and transport projects on the territory of Russia in the post-Soviet
period

Projects: 1 — industrial enterprises, 2 — gas pipelines (the project under construction is shown
as a dashed line), 3 - oil pipelines, 4 — petroleum product pipelines, 5 - railroad (the railroad
under construction is shown as a dashed line), 6 — power transmission line.

Sectors of the economy: | — extractive industry, Il — electricity, lll - metallurgy, IV - oil

refining industry, V — chemical and petrochemical industry, VI — mechanical engineering

and metalworking, VIl — timber, forest product and pulp and paper industry, VIl - building
materials industry, IX — food industry, X — light industry, XI - ports and terminals.

The size of the circle indicates the number of projects.

Cartographer — AN. Vasiltsova.
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Fig. 2. Industrial construction in Russia in the post-Soviet period

“The whole history of Russia is related to
the development of vastland ... . Thisisits
function and, if you like, mission” (Sysoeva
2007). Therefore, the development of
new natural resources follows the main
path of the country’s development, but
with an important reservation. The key
innovation of the contemporary world is
the environmental imperative. The unique
diversity of Russian landscapes should
be developed carefully, with account
for the spatiotemporal characteristics
of their resistance to technogenesis.
Development is not just the expansion
of mining facilities, which leave behind
an anthropogenic desert. Environmental
development implies the arrangement
of a territory, the organization of tourist
and recreation zones on it, territories of
differentsecurity levels,organicagriculture,
progressive means of transportation and
communications, traditional crafts of small
nations, etc.

Thus far, unfortunately, the principles
of sustainable development have not
become a regular fixture in domestic
natural resources use. At first sight, new
mining facilities should show a high
degree of environmental friendliness.
However, this is not always the case. New
oil extraction fields in the Khanty—Mansi
autonomous district are not included
into the network of operations that utilize

the associated petroleum gas. Newly
commissioned oil fields have a very low
degree of gas utilization. Only at old and
well-developed fields it can reach 60-90%.
Russian oil and gas deposits on the Arctic
shelf should be viewed as a resource
for future generations. Their frontal
development in the next 10-20 years is
unwarranted for several reasons, including
those related to climate transformation.
Changes are manifested, in particular, in
the acceleration of extremely hazardous
phenomena, fraught with environmental
emergencies. Severe but stable natural
conditions are very costly; however,
they do not involve readily predictable
consequences. At the same time, the
‘efficient presence” on a territory is
needed for geopolitical reasons—
infrastructural development of navigation
in Arctic regions, the intensification of the
information stage of their development
(exploration, monitoring, etc.),and colossal
capital investments, required for new shelf
projects, must be channeled to improve
the recovery of oil and gas resources at
already developed deposits.

Unfavorable features of the geographical
position of our country hinder its frontal
inclusion into international labor division.
A scientifically justified territorial policy
can and should strengthen the merits
of Russia’s location and smooth out its
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drawbacks. This can be done by organizing
railroad and marine super-thoroughfares
“from the English to the Japanese”
and a central link of a single integral
infrastructure of Eurasia on Russian land
and in Russian waters.

The vyears of perestroika, crises, and
reforms have escalated the problem of
information support for the country’s
natural resource complex. The
development of mineral riches has still
been mainly based on reserves explored
by Soviet geologists, which betokens an
imminent resource crisis. The reduction of
things to order in the “book accounting”
of natural values is an important task of
national administration, and geographers
can and should contribute to its solution.
Knowledge obtained by the earth
sciences is of strategic importance for
the country’s sustainable development.
It is necessary to intensify the scientific
investigation of Russian territory — the
most  environmentally  friendly and
geopolitically essential  form of its
development.

CONCLUSION

In the post-Soviet years, the Russian
economy has seen the strengthening of
the role of the natural resource complex,
and the importance of industries based
on mineral resources has increased in
its structure. In addition, gaps between
the extraction and processing of mineral
resources, as well as between extraction
and internal consumption, are increasing.
The export orientation of the natural
resource sphere is growing. This dynamics
does not correspond to the objectives of
the country’sinnovative,informational,and
environmentally oriented development.

The export-oriented mineral resource
complex is experiencing an expansion of
the resource space: the focal involvement
of new resources of Eastern Siberia, the
Far East, the North, and the shelf regions
into exploitation. As opposed to this, the
use of renewable (biological, forest, soil,
agroclimatic, aquatic) resources, as well as
non-ore construction materials consumed

inside the country, is concentrated in
compact areas near central parts and main
thoroughfares and is oriented at the use
of the “best lands” Topical changes in the
natural resource sphere do not match the
criteria of sustainable development.

It is important to undertake efforts to
reanimate industries that are based
on renewable resources and that have
suffered severely during the crisis and
reforms:  agriculture, forestry,  water
industry, fishery, etc. In addition to
economic and environmental effects, their
restoration and development will also
yield a geopolitical result. These industries
are crucial in “rebuilding” the country’s
territory.

The small-scale map, compiled on the
basis of a selective inventory of the
investment projects thus far implemented
reflects the main features of industrial and
transport development of post-Soviet
Russia. The study revealed an exceptionally
high territorial differentiation of industrial
construction which implies primarily its
overconcentration in the Moscow region
as well as in the North-West (the city of
St. Petersburg and Leingrad region). The
northern and eastern areas of the country
are distinguished by focal industrial
development, and by a predominance
of extractive enterprises. No shift of
productive forces to the east, which
is necessary for ensuring geopolitical
stability of the country and leveling off the
industrial load on the environment over
the territory, has been observed at all.

The analysis of the structure of new
industrial construction did not reveal any
signs of its“greening” Two thirds of the new
projects refer to the basic, environmentally
"aggressive” sectors.

The  newly  constructed  transport
infrastructure facilities (pipelines, railroads,
ports, and terminals) are largely export-
oriented rather than enhancing the
connectivity of its territory.

The compiled map of industrial and
transport  construction reveals new
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foci and areas of changes in the
natural environment and its large-
scale  transformation. The  growing

concentration of economic life in sparse
areas of economic activity is the main
vector of Russia’s spatial development.
Having developed in the conditions of
market chaos, it is of poor quality from
both the environmental and geopolitical
positions
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LAKE SEVAN SHORELINE CHANGE
ASSESSMENT USING MULTI-TEMPORAL
LANDSAT IMAGES

ABSTRACT. Shoreline changes are important indicators of natural and manmade impacts
on inland waters and particularly lakes. Man-induced changes in Lake Sevan water level
during the 20th century affected not only the ecological status of the Sevan water but
also near-shore areas. This article considers a long-term study of changes in Lake Sevan
shoreline that occurred between 1973 and 2015. The Normalized Difference Water Index
(NDWI) was applied to delineate the Sevan shoreline changes according to periods of
lake water fluctuation from multi-temporal Landsat images and Historical changes
in shorelines were analyzed with help of the Digital Shoreline Analysis System (DSAS)
toolbox. Data obtained from the analysis have indicated that changes in the lake shoreline
that occurred in different periods are similar to those in the lake water balance. Areas with
the greatest shoreline changes have comparatively flat relief, so in the result of the lake
water level raise vast forested areas were submerged. This study shows that application
of multi-temporal spatial imagery and GIS methods can provide valuable information
on time-and-space changes in the Sevan shoreline. Such information is important for
monitoring Lake Sevan shoreline and nearshore changes.

KEY WORDS: Multi-temporal Landsat images, shoreline delineation, shoreline change, Lake
Sevan
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INTRODUCTION

Shoreline is the line between water and
land. Shoreline changes are the best visible
indicators that give information about changes
in lake water and surrounding environment.
However, geographical position of a shoreline

should be considered in the view of temporal
resolution and time scale used when
assessing changes. Shorelines delineation
and assessment of multi-year changes allow
visualizing shorelines and changes, getting
a better understanding of causes, rate and
effects of such changes (Boak & Turner, 2006).
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The shoreline  delineation  methods
include a coastal survey, GPS survey, aerial
photography and satellite imagery (remote
sensing (RS)). Each of these methods has
its advantages and disadvantages. The
choice of method should be based on the
purpose and objectives of the research,
spatial and temporal resolution of data,
economic accessibility, and so on (Samanta
& Paul, 2016). A RS-supported delineation
of shorelines is important for erosion
monitoring, shoreline areas management,
flood prediction, evaluation of water
resources, and so on (Bagli, Soille, & Fermi,
2004).

RS imagery and GIS are widely used for
identification of inland water bodies,
delineation of shorelines and coastlines
of estuaries, lakes, reservoirs etc, for
assessing changes on local, regional and
global levels. One of best examples of
application of RS for inland water bodies
change detection on the global level is
the work of Pekel et al. (2016), who used
three million Landsat images (Landsat 5,
7, 8) between 1984-2015 for mapping the
global surface water and changes in it
(Pekel et al,, 2016). Application of RS is an
important tool supporting compilation the
Pan-European coastline and lake database
(Vogt et al, 2007). Agyemang et al. used
Landsat images and GIS techniques to
assess historical development of area of
Lake Sevan from 1933 to 2005 (Agyemang
etal, 2017).

There are many RS and GIS applications
for coastline delineation in different
regions of the world. Qiao et al. (2018)
used declassified intelligence satellite
images (CORONA) and Landsat images, for
analyzing the 55-year shoreline changes
in Shanghai (Qiao et al, 2018). Bai et al.
(2011) applied Landsat images to assess
the change of lake areas for the Central
Asia region during 30 years (Bai et al., 2011).
Oyedotum (2017) used historical maps and
Digital Shoreline Analysis System (DSAS) to
assess shoreline changes for the period of
1845-2010 and 1881-2010 respectively in
St. Ives-Hayle Bay and Padstow-Camel Bay
in Southwest England (Oyedotun, 2017).

Lakes are known to be more vulnerable to
natural and anthropogenic impacts which
affect both the quality and quantity of lake
water and the surrounding environment
(Aladin et al, 2005; Timoshkin et al, 2016;
Babich et al, 2016).

Climate change and its consequences are
among the important factors that impact
on quantity and quality of water bodies,
especially on inland waters. Because
of climate change extremal weather
conditions, such as floods and droughts
became more frequent. As a result, water
level in lakes and rivers fluctuate in more
significant ranges. As for the lake Sevan,
according to"First National Communication
of the Republic of Armenia on Climate
Change” reduction of annual river flow by
15%, and increase of evaporation from
the surface of Lake Sevan by 13-14% is
expected (Dokulil, 2014)(Ministry of Nature
Protection of the Republic of Armenia,
1998).

Thus, shoreline delineation of individual
lakes and detection and assessment
of changes in such water bodies are
essential on the local and regional scale.
As an example: El-Asmar et al. (2013)
applied Landsat images for Burlus Lagoon
between 1973 and 2011 (El-Asmar,
Hereher, & Kafrawy, 2013). Du et al. (2014)
used Landsat 8 OLI images to map surface
water bodies in the Yangtze River basin
and the Huanghe River basin in China (Du
et al, 2014). Landsat images were used
in Armenia's neighbouring countries, too.
Thus, in Iran, Alesheikh et al. (2007) applied
RS methods for studying Lake Urmia
shoreline changes (Alesheikh, Ghorbanali,
& Nouri, 2007).

For this research, the RS method with
application of Landsat images was
selected as the most appropriate for Lake
Sevan because Landsat images have
longest retrospective data series, are
free of charge, give periodic information,
have a reasonable spatial, temporal and
radiometric resolution. Due to these
advantages, Landsat images are widely
used in various studies as well (Feyisa et al,,
2014; Wulder et al.,, 2016).
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The importance of this research can be
ensured by the several reasons: (i) the study
object is Lake Sevan. The one of the largest
alpine lakes in the world and the biggest
freshwater reservoir in Armenia and the
South Caucasus, the Sevan has a huge
ecologicaland economicimportance for the
whole of the region, (i) dramatic shoreline
changes caused by dramatic drop in the
lake water level in the result of manmade
intervention were triggered in the 1930s.
At present, lots of ecological problems
emerged as a result of short-sighted
management decisions, establishing an
ecological monitoring system with a RS
component is required, (i) this study is
an exceptional experience for Armenia
and for the whole of the South Caucasian
region in application of RS methods and
GIS technologies and particularly the
Digital Shoreline Detection System (DSAS)
for determining the shoreline and its
modifications over a long period of time
(1973-2015).

A similar research in region was
implemented in Turkey by Duru (2017) who
used remote sensing data (Landsat imagery)
and DSAS tool for the assessing shoreline
displacement for Lake Sapanca between
1975 through 2016 (Duru, 2017). However,
the present research is unique as it involved
combination of these methods for a much
more bigger water body — Lake Sevan.

MATERIALS AND METHODS
Study Site

Lake Sevan (40°23'N, 45°21'E) resides in
Gegharkunik region in Armenia at an
altitude of 1900 m a. s. . Sevan is Armenia’s
largest water body and the largest
freshwater resource for the whole of the
South Caucasian region.

Morphologically, Lake Sevan is divided into
two basins— Big and Small Sevan. Its surface
area is 1278.13 km?, according to the data
as of January 1, 2017 (Hydrological regime
of Lake Sevan, 2017). In natural conditions
Sevan covered an area of 1416km? at an
altitude of 1915m as.l.

28 rivers empty into the lake and only one
river, the Hrazdan, runs out of it, due to
which Sevan is a freshwater lake.

The main inflow sources of the lake water
balance are water inflow from rivers, water
inflow from the Vorotan-Arpa-Sevan tunnel,
groundwater flow.

Main outflow components are the Hrazdan
river, evaporation from the water surface,
water discharge, groundwater outflow
(Ogannesian, 1994).

It is necessary to give a brief history of the
so-called “Sevan Problem” to understand
dramatic changes that took place in Lake
Sevan from the 1930 onward. At the
beginning of XX century it was decided to
use centuries-old resources of the lake for
energetic and agricultural needs. The result
has been a drop in the lake water level,
eutrophication of the lake, activation of
erosion processes and so forth. (Paviov et al,,
2010).

The fluctuation of Lake Sevan water level
can be divided into three main periods:

. 1933 — 1981. A drop of lake water level
associated with exploitation of centuries-old
water resources and a water level drop by
almost 18.8m.

Il. 1981-2002. Relative stabilization due to
Arpa-Sevan tunnel was put into operation in
1981 and annually conveying more than 200
mlin. m3 of River Arpa water to Lake Sevan.

ll. From 2002 onward. A raise of lake water
level in 2002. Since then, water balance has
been mainly positive and the water level has
been rising steadily. This is mainly due to
Vorotan-Arpa tunnel was put into operation
in 2004 and the inflow of additional 165 mIn.
m3 of water to the Sevan annually. To have
the lake ecosystem stabilized and prevent
its further pollution, it is planned to increase
Sevan water level to 1905m by 2013 after
massif clean-up of shoreline zones from
trees and other sources of pollution (Law
of RA on Lake Sevan-https:/www.arlis.
am/) (Lake Sevan drainage basin planning
project, 2013).
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One should mention an intermediate period
related to mismanaged release of the Sevan
water for energetic needs in the 1990s
during the energetic crisis in the country.

Since the early 1930s, the lake water level
has been changing with different intensity
(ig. 1) mainly due to overuse of century
old resources of lake, and to a lesser degree
due to climate change. As a result, shoreline
changes have been affecting the ecological
status of Lake Sevan and nearshore area. This
all makes it urgent to study the shoreline
changes and effects these produce on
the nearshore belt (Babayan et al, 2013;
Baghdasaryan, Abrahamyan, & Aleksandryan,
1971).

Data collection
Remote sensing data

Landsat images applied in this study are
provided in Tab. 1. Landsat imagery used
for shoreline delineation was selected
for August or days as close to August as
possible to avoid seasonal fluctuations of
lake water because it is in August when the
river inflow to Lake Sevan is minimal. Images
which are used to verify the accuracy of the
results are selected as close as possible to
January 1, which corresponds to the data
of the measurements of the lake water level
and the surface area (Hydrological regime of
Lake Sevan, 2017).
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This research employs Landsat imagery in
open access through USGS online service
(USGS-https://earthexplorer.usgs.gov/);
Landsat TM, Landsat 8 OLI data are available
in the World Geodetic System (WGS84)
Datum and are projected using Universal
Transverse Mercator system (USGS-https://
landsat.usgs.gov).

National Aeronautics and Space
Administration  (NASA) provides images
which have already been geometrically
corrected and orthorectified to the so-called
Landsat Level 1 (L1T) (Gutman et al., 2013).
All Landsat images used in this research are
Level 1 products from Landsat Collection
1. All images besides Landsat 1 MSS for
1973, correspond to Tier 1 category and
are eligible for time series analysis. Image-
to-image registration accuracy threshold
is Root-Mean-Square-Error (RMSE) <12m
(LANDSAT COLLECTION 1 LEVEL 1,2017). For
the image-to-image registration, Landsat 5
TM for 1985 was selected as a basic image.
This image was georeferenced using a
topographic map for 1984.

Ancillary data

Hydrological data - inflow and outflow
components of water balance for the period
of 1927-2015 necessary for this research
were obtained from published sources
and reference material published by the
Service of the Hydrometeorology and Active
Influence on Atmospheric Phenomena
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Date of measurement

Fig. 1. Changes in Lake Sevan water level from 1927 to 2015
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SNCO , Ministry of Emergency Situations
RA (hereafter referred to as the Service)
(Hydrological regime of Lake Sevan, 2017;
Papikyan, 2011).

“Sevan”national park provided a GIS database
on land use (protected areas, forested areas,
species composition of trees and bushes, etc.)
of Lake Sevan nearshore sites (“Sevan"national
park- http://sevanpark.am/).

Methods

The shoreline delineation and shoreline
change assessment methodology used in this
research is given in Figure 2 and is discussed
in detail below.

Shoreline delineation

The most applicable RS methods for water
objects identification and classification and
shoreline detection include classification
(supervised and unsupervised) and spectral
signature feature analysis, which in turn is
divided into single-band and multi-band
methods (Li et al,, 2013).

A single—band method is based on selection
of bands and thresholds, which show a water-
to-land transition in a more precise way. A
multi-band method is based on band ratio
or on spectral indices. This method provides
more precise information as it is based on
the analysis of signature differences between

water and other surfaces. In the case of a
simple band ratio, the ratio of one of visible
bands, e.g., green, and NIR is calculated. On
a productive image reflective properties
of water objects are expressed stronger as
compared to non-water objects (Qiao et al,
2012).

A spectral index most frequently used for
detectingwaterbodiesandassessingshoreline
changes is Normalized Difference Water Index
(NDWI) derived by McFeeters (1996). NDWI
ranges from -1 to 1, where water has values
above 0 and non-water objects have values
below 0 (McFeeters, 1996). Later Xu (2006)
proposed a Modified Normalized Difference
Water Index, where MIR band is used instead
of NIR band. According to Xu (2006), MNDWI
as compared to NDWI is more acceptable for
water bodies with larger amounts of built-up
land on the background in nearshore sites,
since it can effectively reduce and/or remove
noise resulted from built-up land, bare soil
and vegetation (Xu, 2006). Nonetheless, as the
research advanced, all the above-mentioned
methods were employed in order to find the
most appropriate method for Lake Sevan.

DSAS is applied for assessing changes in
shoreline position along the whole of the
lake in selected time intervals between 1973
to 2015 (1973-1985, 1985-1990, 1990-1995,
1995-2002, 2002-2015 (the selection of time
slots was based on Lake Sevan water level
change periods and RS data availability).

Table 1. The applied Landsat images and their properties

RS data Date Resolution, m Geometric RMSE model, m

Landsat TMSS July 13, 1973 80 17.159
Landsat 5TM August 21, 1985 30 4.666
Landsat 5T™M September 20, 1990 30 4587
Landsat 5T™M September 02, 1995 30 4261

Landsat 5TM December 20, 2001 30 6473

Landsat 5T™M August 04, 2002 30 4102
Landsat 5T™M December 16, 2010 30 6.604
Landsat 8 OLI January 12,2015 30 9.264
Landsat 8 OLI September 09, 2015 30 7.001
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As an example of a single-band method
application, the NIR band was selected due to
better absorption by water and reflection by
vegetation and land. As a threshold value for
water and non-water bodies, 0.1 is selected
based on the values of visual differentiation
between water and non-water on a space
image histogram. Thus, reflectance values
> 0.1 and <0.1 indicate land and water,
respectively.

The Green/NIR band ratio is used to define the
lake shoreline as an example of the band ratio
method. In this case, a threshold value=1 is
selected for water - non-water differentiation.
Values > 1 and < 1 correspond to water and
land, respectively. For NDWI and MNDWI, the
aforesaid threshold value=0 was selected. The
accuracy of shoreline delineation method was
assessed through Root Mean Square Error.

Shoreline change assessment

In order to implement Lake Sevan shoreline
change assessment a DSAS tool developed
by the United States Geological Survey
(USGS) was used. This tool computes rate-of-
change statistics for a time series of shoreline
data. The statistics are represented by Net
Shoreline Movement (NSM), which shows a
distance between the oldest and youngest

Remote sensing data

!

Image pre-processing

:

Shoreline delineation

shorelines for each transect. End Point Rate
(EPR) denoting NMS divided into the number
of years elapsed and showing the “velocity” of
shoreline change, whereas Shoreline Change
Envelop (SCE) is the distance between the
shorelines farthest and closest to the baseline
(Himmelstoss, 2009).

RESULTS AND DISSCUSION

Shoreline  delineation and

assessment

accuracy

It should be stressed that the all the shoreline
delineation methods tested when conducting
this research gave good results. However, the
best results were achieved when applying
NDWI, and it was the reason for which
subsequent shoreline delineation for all dates
was conducted using NDWI alone. (Fig. 4 a-e).
Correlation of data of surface area of Lake
Sevan provided by Service (Table 2) (Kireev,
1933) with surface area data derived using
NDWI gives (shows) RMSE value of 8.15.

Analysis of GIS database provided by “Sevan”
national park shows that almost 1900 ha of
forests (trees and shrubs) were watered as a
result of Lake Sevan water level rise between
2002-2015 as the main water level rise took
place on that period.

Ancillary data

A 4 y

!

Accuracy assessment

Hydrological data

Land use data

Shoreline change
(displacement) assessment

!

A 4

Shoreline change
and hydrological
data analysis

Fig. 2. A summarized methodology of delineation of shorelines and assessment of
their spatiotemporal changes
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Table 2. The area of Lake Sevan according to Service and NDWI

Date Area, sgq.km Area sg.km
(Space image/Service) (Service) (NDWI)
23.12.2001/01.01.2002 1236.2 123113
16.12.2010/01.01.2011 1272.8 1263.32
12.01.2015/01.01.2015 1274.99 1265.83

Total shoreline change analysis for each
time period

The onshore baseline shapefile was created
at a distance of 200 m from the last shoreline
position (2015). The selected transects
spacing was 300 m for the whole of the
lake. All the transects which intersected the
shorelines more than once, were manually
deleted in order to avoid computational
errors, a confidence interval being set within
90%.

DSAS statistics NSM, EPR describe a change
in shoreline from the first to the last date
(1793-2015 in this case), whereas SCE
describes the overall change in shoreline
position. These statistics cannot fully reflect
a real picture of shoreline changes because
Lake Sevan shoreline changes on different
time periods had different directions. In
order to understand the cause of changes,
DSAS was applied for each period of time
and data were compared with hydrological
data on water balance (Fig. 3a) (The Digital
Shoreline Analysis System (DSAS) Version
40 - An ArcGIS extension for calculating
shoreline change, 2009). The data of almost
750 transects for each period were analysed.
Minimum and maximum transect lengths
are given in Figure 3b, which corresponds
to NSM for each of transects. As baseline
location is selected “Onshore” in DSAS,
negative values of NSM correspond to
shoreline (water) movement towards land.

The period between 1973and1985is selected
because the first available Landsat image
for Lake Sevan is for 1973 and the image of
1985 is the nearest available image to 1981
when intensive lowering of Lake Sevan water
level stopped and a water level stabilization
period started. The average annual water
balance is negative for that period as seen

from Fig. 3a. As a result, shoreline moved
towards the water.

The period between 1985 and 1990 was a
lake water level stabilization period, when
Arpa river water via the Arpa-Sevan tunnel
was inflowing to Lake. Water balance was
positive and as a result, shoreline moved
towards the land.

The period between 1990 and 1995
corresponds to that of energetic crisis in
Armenia, when additional volumes of lake
water released for energetic purposes
resulted in water level lowering and
subsequent shoreline movement toward the
water.

According to the water balance data for the
period of 1995-2002, water inflow slightly
exceeds outflow but the shoreline moves in
the opposite direction.

The last considered period is 2002-2015.
2002 corresponds to the beginning of
Lake Sevan restoration consistent with
the RA  Government Program (World
Bank Technical Paper, 2001) (Parliament-
http://parliament.am/legislation.
php?sel=show&ID=1676&lang=arm).

As aresult, the water inflow to Lake Sevan has
increased due to the operation of Vorotan-
Arpa tunnel. As seen from Figure 3b, the
absolute NSM value is higher in this period
and the direction of the shoreline movement
is towards land.

Besides, Fig. 3b shows that basic shoreline
changes exceed 30 m - the pixel size of most
of Landsat images used in this study. This is
robust evidence of changes that occurred in
shoreline positions, even if accounting for a
problem of mixed pixels and misclassification.
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Fig. 3. The averaged values of water inflow and outflow for the period of 1927-2015 (a)
and Shoreline changes for each period of time (1973-2015) represented by NSM (b)
(first two time periods on Fig. 3.a are included in order to visualize the lake water balance in
natural conditions (1927-1932) and after water level lowering (1933-1972))

Shoreline change analysis for each region

Because of the variety of forms and
complexity of relief of Lake Sevan and its
shores, the shoreline changes are dissimilar
in different parts along the entire shoreline.
In the areas with relatively plane relief
shorelines were changed significantly. Five
regions were distinguished based on more
significant changes. In those regions, DSAS
was applied for a period of 1973-2015. For

the Regions 1 to 4 Onshore baseline and
transect spacing 300 m were selected.
Shoreline in Region 5 is more complicated
and Onshore/Offshore baseline and transect
spacing 50 m was set. In this case the
confidence interval has also been set within
90%.

The shores of Small Sevan are steeper than
those of Big Sevan especially on sections
where the shore is edged by steep slopes
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of Areguni mountain range, and partly the
western shore. So, lake water fluctuation
does not cause more changes in shoreline
in these areas. The shores near Lchashen
village and town of Sevan (Region-1) and
Gavaraget estuary (Region-3) are changed
significantly. Changes in the eastern shore of
Big Sevan and that located close to Artanish
peninsula are not significant. The southern
(Region-1) and western (Region-2) shorelines
are changed significantly. The statistics of
change rates are provided in Table 3.

Region 1 is a shoreline of almost 1400
km. As seen from Fig. 4a, the shoreline
transformations in this region are similar to
transformations of entire shoreline for the
period of 1973-2015. As it can be seen from
Table 3, the shoreline mean movement rate
is 2.26 + 0.15 m/year for the period of 1973-
2015. In the case of Lake Sevan, this figure
cannot reflect the real picture of changes,
because shoreline movements for different

periods had a different direction. DSAS
gives statistics (in particular EPR and NSM)
for the period of 1973-2015. The longest
shoreline displacement for this period (NSM)
is towards land and is almost 244 m. But
the largest displacement of shoreline (SCE)
- some 610 m - occurred between 2002
and 2015. Table 3 and Figure 4a show that
shoreline movement direction is not the
same for the entire region. In some parts
of shoreline, there is a movement opposite
to the main direction. The causes may be
both cartographic errors and natural and
manmade processes. In the case of Region
1, the main reason is the land assertion in
the estuary of the Masrik river. Region 1 is
on the territory of Gili reserves, and partly
on the territory of Vardenis and Tsovak
forests. In the result of a water level rise, part
of these forests covering some 420 ha and
consisting mainly of poplar and willow trees
are completely submerged by the lake.

Table 3. Statistics of Lake Sevan shoreline in different regions (segments)
from 1973-2015

Regions Statistics EPR (m/yr) | LMS (m/yr) | LRR (m/yr) SCE (m) NSM (m)
Min -6.1 2.76 -5.18 17222 -244.99
R-1 Max .11 14.71 1.62 610.03 4471
Mean -2.26 10.18 -1.16 376.22 -90.84
Min -8.25 3.06 -4.76 1744 -347.9
R-2 Max -1.04 19.82 0.04 755.77 -43.94
Mean -3.72 9.81 -1.56 45411 -156.78
Min -12.67 -0.96 -10.56 42.2 -534.13
R-3 Max -0.21 13.88 -0.15 691.94 -8.85
Mean -4.85 383 -3.66 32822 -204.66
Min -593 -1.87 -4.21 2268 -250.06
R-4 Max -047 573 0.11 413.62 -19.79
Mean -29 2.87 -1.92 21852 -122.28
Min -15.75 -13.92 -13 6.95 664.15
R-5 Max 0.87 19.73 4.57 814.8 36.59
Mean -2.53 2.65 -1.46 268.95 -106.88
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Region 2 is an almost 7600 m long shoreline
(Fig. 4b). The shoreline movement in this
region reflects the movement along the
entire shoreline for all periods. The mean
shoreline movement rate between 1973
and 2015 is 3.72 + 0.15 m/year. From 1973
to 2015, shoreline maximum displacement
is almost 348 m, but the longest change
occurred between 2002 and 2015 - almost
755 m. This region is partly on the territory
of Gavaraget sanctuary, and partly on the
territory of Noraduz forest. Today, almost 100
ha of forested and sea-buckthorn —planted
area is also submerged by the lake as a
consequence of the Sevan water level rise.

Shoreline in Region 3 has almost 9200 m
length (Fig. 4c). Mean shoreline movement
towards land is 4.85 £ 0.15 m/year from
1973 to 2015. From 1973 to 2015, shoreline
displacement is almost 692 m. The longest
displacement - some 534 m - occurred
between 2002 and 2015. This region partly
lies on the territory of Gavaraget sanctuary.
It also occupies part of territories of Noraduz
and Ajrivank forests. The area submerged by
the lake is almost 160 ha, main submerged
species being poplar, willow and sea
buckthorn.

Region 4 has almost 3700 m length shoreline
(Fig. 4d). The mean shoreline movement
from 1973 to 2015 is 2.9+0.15 m/year. In this
Region, the longest shoreline movement
towards land (250 m) occurred between
1973 and 2015; the longest distance between
these shorelines in this Region was recorded
between 2002 and 2015. The mean and
maximum movement from that point (SCE) is
218 and 413, respectively. This Region is on
the territory of Sevan forest, where some 25
ha of poplar trees and sea buckthorn bushes
are submerged by the lake.

Region 5 is the most complicated region (Fig.
4e). Shoreline in this region is very complex.
Even transect spacing of 50 m instead of 300
m set for other regions could not give the
real picture of this region. This region is on
the territory of Norashen reserves. Its relief
is flat and the shore rugged. In the Norashen
reserves, there are three small lakes (black
circled in Fig. 4e Region 5 a) (IRTEK-http://
www.irtek.am/views/act.aspx?aid=41347).

DSAS cannot give the real picture of changes
in this area even if it shows that shoreline
maximum displacement is almost 815 m.
As seen from the map of the Region, the
shorelines of small lakes in this area are
not always separated from Lake Sevan.
Presumably, shoreline movement by 815
m is the perimeter of one of small lakes
(upper left side) rather than the shoreline real
displacement. Sources of error can be both
differences in spatial resolution (80 m for 1973
and 30 m for 2015) and seasonal changes in
water level. As soon as this area is flat, it can
be affected by seasonal water level rising.

CONCLUSIONS

The application of RS methods and
particularly Landsat image-based delineation
of shorelines using NDWI spectral index gives
sufficiently reliable results for Lake Sevan.
This method is used not only for shoreline
delineation, but also for visualizing changes
in Lake Sevan shoreline. Applying DSAS in its
turn helps make statistical and quantitative
spatiotemporal analyses of shoreline changes.

The shoreline change analyses show that
these changes correspond to water balance
changes. Because of different landforms,
the consequences of shoreline changes are
different along the whole length of shore. In
the areas where the shore is edged by gentle
slopes the shoreline displacement can even
reach 600-700 m, on a steep slope edging
areas shoreline changes being insignificant.

A water index NDWI is a reliable method
for shoreline delineation, nonetheless in
some cases DSAS calculations indicate some
inconsistencies with the direction of the main
shoreline course. Most of these are within
one-pixel size (30 m) and are supposed to be
cartographic or computational errors. In the
larger areas, the causes can include natural
phenomena as it was in the case of Region 1,
or man-made impacts (sprawls, etc.).

Shoreline displacements, especially when
occurring on larger territories, affect
nearshore areas and the land use in Lake
Sevanregion. After Lake Sevan water level had
lowered, water-free places were planted by
trees and shrubs. However, since 2002 water
level has been rising steadily, and these areas
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Fig. 4a. Lake Sevan with outlined Region 1, shoreline positions in each date and

shorelines displacements
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Fig. 4b. Lake Sevan with outlined Region 2, shoreline positions in each date and

shorelines displacements
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Fig. 4c. Lake Sevan with outlined Region 3, shoreline positions in each date and
shorelines displacements
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Fig. 4d. Lake Sevan with outlined Region 4, shoreline positions in each date and
shorelines displacements
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Fig. 4e. Lake Sevan with outlined Region 4, shoreline positions in each date and
shorelines displacements

are submerged by the lake. To avoid further
eutrophication of the lake in consequence of

water level rise to the 1

905 m it is necessary

to properly clean nearshore areas.
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MODELLING PHOSPHORUS INFLOW TO
THE MOZHAYSKOE RESERVOIR WITH THE
HYPE HYDROLOGICAL MODEL

ABSTRACT. Biogenic flow is the determining factor of ecological well-being of water
bodies. It depends on a number of factors, such as weather conditions, soil and
vegetation cover, agricultural use of the catchment area. Its simulation is possible based
on a complex water quality model with parameters distribution. In this paper, we show
that the model calculates the water flow with satisfactory accuracy and gives reliable
values of phosphorus flow in the investigated river outlet. The influence of dryness of
the year on the phosphorus flow is important and reduces dissolved phosphorus flow
several times. The results of experiments with the model show a decrease of dissolved
phosphorus flow subsequent to cease of fertilizing in range from 5 to 11%. The values of
the surface and groundwater genetic components of phosphorus flow are comparable,
while soil component amounts 65% of local phosphorus flow.
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INTRODUCTION

Biogenic flow is an essential factor for
hydroecological condition of water bodies.
The influence of meteorological conditions,
topography, agricultural development of the
catchment area, soil and vegetation should
be taken into account while modelling it. It
should be much emphasized in our opinion,
that the very models with distributed or

semi-distributed parameters are the most
adequate tool for assessment of agricultural
development impact on biogenic flow.
While choosing an appropriate model,
the physical validity of the parameters, the
flexibility of settings, volume, and complexity
of obtaining input data hit the first place.

In this study, we have shown that the
HYPE model could provide phosphorus
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flow simulation for a small river with an
agricultural watershed, that can be used
for analysis of phosphorus flow and its
genetic components. The first part of the
article presents the results of survey of the
Mozhayskoe reservoir catchment area, used
to configure the HYPE water quality model of
the Swedish hydrometeorological Institute
(SHMI) and hydrological and geographical
features of the modeling object. The second
part discusses the results of modelling the
phosphorus flow and concentrations for
the catchment of the upper Moskva river
upstream the Mozhayskoe reservoir. The
phosphorus annual and seasonal flow for
dry and wet years was calculated from the
simulation as well as its genetic components.
The HYPE (HYdrologic Predictions in
the Environment) is a dynamic, semi-
distributed, physically based, watershed
scale hydrological model for continuous
simulation (Lindstrom 2010). The model
has been being developed from 2005 at
SMHI (Swedish Hydrometeorology Institute)
and successfully used there for river flow
forecasting. As for Russian Federation, the
model was used in the research of great
Siberian watersheds (Gelfan et al. 2017).
Simple format of the input files, flexible
customization, series of alternative built-
in models for the calculation of main
components of water and chemical balance,
and transport processes of water and
chemicals are the main advantages of HYPE.

Object of study

We have chosen the upper Moskva river
catchment upstream of the Mozhayskoe
reservoir as an object due to its natural and
water management features, as well as to
higher degree of knowledge of its territory,
chemical and water runoff in common
as compared with other watersheds of
water reservoirs. It forms an inflow into the
Mozhayskoe reservoir, which is a part of the
drinking water supply system of the Moscow
city.

The catchment area is situated in the central
part of the Smolensk-Moscow upland and
belongs to the province of glacial hilly and
flat plains. The height of the catchment
varies from 160 to 311 m. The highest point

of the watershed, which divides catchments
of the Moskva, the Ugra and the Protva rivers,
is located within the Gzhatsko-Mozhaysky
ridge of the Smolensk-Moscow upland
being also the highest point of the Moscow
region. The width of the Moskva River in
the upper reaches is 2-15 m. The climate
of the basin of the Mozhayskoe reservoir is
moderately continental with cold winters
and moderately warm summers.

The catchment area has a high degree of
agricultural  development. According to
our estimates, the share of agricultural land
in the total catchment area is 31%, 2% -
floodplain meadows, 2% - rural settlements
and household plots, the rest of the area -
65% is occupied by mixed forests. The land
includes: intensively used arable land with
growing potatoes, corn, feeding root crops
with annual distribution of a large amount
of organic and mineral fertilizers; moderately
used arable land with grains and perennial
grasses cultivation with occasional cattle
grazing and fertilization in the part of the
area; least intensively used arable land is the
one with the predominant perennial grasses
cultivation and regular fertilization in small
quantities; pastures; hayfields which include
floodplain water meadows.

The landuse data used in the work
represents the situation of 1984-1985 (see
Figure 1). Comparison of the landuse pattern
of that period with modern satellite images
indicates a slight change in the outlines of
the fields. On the other hand, field studies
have shown that about 2/3 of the land that
was used as arable land in the 80s is now
abandoned.

Currently, a number of enterprises of the
agro-industrial complex, such as CJSC
"Shinichino’, CJSC "Uvarovsky" kolkhoz", CJSC
"Porechye" and others, engaged in plant
growing and animal husbandry, operate
on the territory of the studied watershed.
Also, in the catchment area there are several
farms and peasant farms engaged in plant
growing, animal husbandry, and poultry
farming.

Fig. 1. Maps of the catchment of the upper
Moskva river (left) and landuse with survey
points (right).
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Fig. 1. Maps of the catchment of the upper Moskva river (left) and Ianduse with
survey points (right)

The Mozhayskoe reservoir is experiencing
a significant nutrient load almost since its
creation, which is confirmed by studies of
the primary production growth rate in the
spring and summer period. In the 70s, the
reservoir was second among all reservoirs
of the Moskva River basin by average values
of permanganate index in summer period
(Edelshtein K. et al. 1978). Studies of the
phosphorus flow from river bed sediments
conducted in 1979 (Martynova 1979) and
1995 (Edelshtein 1995) indicate its increase.
In 2009 year, under conditions of increasing
water turnover, decreasing dryness of the
year and low reservoir level high values
of primary phytoplankton production
and a slight predominance of destruction
over primary production were observed
(Kremenetskaya et al. 2015).

Due to the variability of ratio of the
nutrient balance components during the
year depending on weather conditions,
stratification of the water column and the
regime of water inflow into the reservoir,
researchers note the importance of treating
the components of the reservoir nutrient
balance separately (Datsenko 2007). In this

view modeling of nutrient runoff from the
reservoir catchment becomes especially
relevant.

Previous research

The observations of biogenic flow in
the Moscow region have been being
conducted from 1970s till now based on
the Krasnovidovo laboratory of Moscow
State University. They included biogenes,
suspended materials, consumed oxygen
water sampling at the outlets of the Moskva
river and its tributaries. There were no trials
of modelling the biogenic inflow into the
Mozhayskoe reservoir, but several studies
illustrate water inflow simulations made with
ECOMAG model (Antokhina and Zhuk 20171;
Motovilov et al. 2018) and GR4J model (Ayzel
et al. 2019). Also, there are series of studies
that are aimed at evaluating a modelling
methodology of water masses transfer (the
case of Uchinskoe reservoir (Datsenko 2019))
or characterize the variability of phosphorus
and other hydrochemical parameters in the
waters of Mozhayskoe reservoir (Sokolov et
al. 2016).
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Obtained data and methods used in the
research

The series of temperature and precipitation
at the meteorological stations of Mozhaysk,
Gagarin,  Volokolamsk,  Staritsa,  Klin,
Maloyaroslavets for the period from 1997
to 2018 were used as meteorological
information. Discharges, waterlevels and
other hydrological information at the gauge
Barsuki on the Moskva river were used for
model calibration and verification.

We used the results of field research of
the catchment, conducted by Yasinskiy
N. in August - September 2017, for
parameterization of the model (Yasinskiy and
Belolyubtsev 2019). This comprised the initial
level of phosphorus in soil, its distribution
through the soil profile. Rates of residues
degradation and mineralization as well as
density of the soil solid phase were based on
common values taken from academic books,
study guides and some studies concerning
in-stream chemical processes (Datsenko and
Puklakov 2010; Kremenetskaya et al. 2015).
Soil samples were studied in the laboratory
of the Testing Center for Soil and Ecological
Research of the Faculty of Soil Science at the
KA. Timiryazev University (RSAU-MAA).

The data on the phosphorus concentrations
in the Moskva river, obtained by the authors
and others in different years during the
period from 1983 t0 2012 at the Krasnovidovo
Laboratory for Water Reservoirs Research,
was used for calibration of the model’s
chemical block.

The map of agricultural land of the the
Mozhayskiy Site (the territory of upper
influents of the Mozhayskoe water reservoir)
was developed at the Department of
Physical Geography and Landscape Studies
of the Geographical Faculty of Moscow State
University in the 1980s by I.A. Gorbunova.
It characterizes the landuse in the period
before the general decline in agricultural
production in the 1990s. For the purposes
of our study, the map was georeferenced,
digitized and corrected using modern
satellite images for the period of 2015 -2017,
published in open sources. Digital elevation
models with a resolution of 1T minute (30 m),

formed with SRTM Mission Data, were taken
from open sources (USGS). For some farms,
we obtained statistical information on the
amount and timing of fertilizer application.

The HYPE spatial approach is based on
dividing the catchment area into sub-
catchments with an arbitrary degree of
detalization and identifying non-localized
landscape-landuse classes defined as an area
fraction for each subcatchment (Pers 2014).
Therein lies the core sense of parameters
semidistribution (Xu 2002). Within each sub-
pbasin snow cover formation, movement
of water and substances in different soil
horizons (up to three) and movement of
groundwater are modelled. The water runoff
formed within a subwatershed comes
first to the local and then to the main river
network. Both networks have parameters
independent of each other. The transport of
nutrients in the model is divided into groups
of processes related to fertilizer input,
plant consumption, transformation in soil
cover, removal with suspended solids and
water runoff and transformations during its
movement along the river network. Fertilizer
supply is set explicitly, depending on the
crop and alternation of agricultural activities.
Plant growth is simulated according to the
timing of plowing, planting and harvesting
and is set for each class. The complex of
processes occurring in the soil cover comes
to the movement of substances between
pools. So, for phosphorus, a pool of humus
organic phosphorus, organic phosphorus,
dissolved organic and dissolved inorganic
phosphorus, as well as phosphorus adsorbed
on soil particles can be distinguished.

The HYPE model, which is a hydrological
model of water quality, makes part of the
HYSS modeling system, which comprises
loading input files, optimizing parameters
and recording results. At the preliminary
stage, text files with subwatersheds data and
river network characteristics, and a file with
classes description should be generated.
We developed them in the GRASS GIS
environment, so a digital river network,
a layer of 86 subcatchments, a corrected
landuse map and a soil map were created
on the basis of the digital elevation model.
Based on available landuse and soil types,
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a classification of 27 classes was compiled.
After that, in the QGIS environment, GIS
layers were superimposed on each other,
the shares of the area occupied by each
class in the area of each sub-collection
were calculated. The final processing of the
files was carried out in Excel and the RHYPE
package written in R, designed by HYPE
model developers to prepare, analyze and
graphically display simulation results.

We have distinguished arable land with
intensive, medium and low intensity of
agriculture activity; meadows; pastures;
kitchen gardens and territories of rural
settlements among the landuse types.
Mixed forest with undergrowth of deciduous
trees, shrubs and grass cover was identified
as a background type of vegetation.
Meteorological series of air temperature and
precipitation observations were interpolated
into centroids of subwatersheds by kriging
using variograms (Ly et al. 2013). The method
development resulted in a Python program,
which includes data preparation, error
checking, filling in data gaps, interpolation
using the PyKrige package (PyKrige, 2018)
and time series generation in centroids. For
the period of 1968 - 1980, the algorithm was
simplified: now we have only to assign the
values of precipitation and temperature at the
meteorological station point located closer
to the centroid, since for this period data only
for Mozhaysk and Gagarin stations was used.
Other input data such as hydrological series
were converted to HYPE formats directly or
used in parameterization files.

The evapotranspiration can be calculated
in HYPE with 5 models, including Jensen-
Haise, Hargreaves—Samani and FAO Penman-
Monteith methods. Most of these models
need additional data such as wind velocity,
solar radiation, water vapor pressure etc, so
we used the simplest model among those
above, where the base potential evaporation
is calculated when the air temperature is
higher than corresponding threshold and
then distributed exponentially between
two upper soil layers. Potential evaporation
depends on evaporation rate which is
calibrated for each landuse type. The
resulting evaporation depends on soil water
content.

HYSS provides several different algorithms of
parameter optimization, but the developers
themselves recommend a method of
differential evolution of parameters. The
method consists in generating parameter
vectors based on the latest values, choosing
the best of the vectors, and accepting new
parameter values with a given probability
(Arsenault and Alcan 2019).

RESULTS AND DISCUSSION

At the first stage, the hydrological part of
the model has been manually calibrated to
determine the most sensitive parameters.
The study has revealed two parameter
groups that fundamentally affect the quality
of modeling. The first group includes porosity
of the upper soil horizons, coefficients and
threshold values of infiltration and recession
coefficients of the groundwater runoff; the
second groupincludes the temperaturesand
snowmelt rates specified for each landuse
type. At the second stage, these parameters
were used in the process of automatic
calibration by the method of differential
evolution with the generation of 15 vectors
in each of the 60 generations. At the final
stage, the phosphorus concentrations
calculated by the model were compared
with those measured at the outlet gauge.

The simulation has been carried out for
periods from 1966 to 1980, 1982 — 1987
and 1998 - 2015. The results for the first
two-three years havent been recorded
for the model to warm-up. The period of
2002 - 2012 was used for calibration of the
hydrological block. The need of dividing
the period of 1966 — 1987 into two parts
arose due to the absence of data for some
rain gauges. So, we used different periods
for validation in order to make sure that the
model simulated waterflow satisfactorily
acceptable. According to the results of
manual calibration, the parameters that
characterize the infiltration and leakage
through the deep soil horizons, as well as
the parameters characterizing the process
of snowmelt, turned out to be the most
sensitive parameters in the calculation of the
water flow as variations of these parameters
within the limits of 5 — 10% can result
variations of output values by 50% and more.



Nikolay S. Yasinskiy, Oksana N. Erina et al.

MODELLING PHOSPHORUS INFLOW ...

The comparison of the optimal soil
hydrology valuesand snowmelt parameters,
and field measurements and data taken
from literature has shown good agreement.
The optimal value of melting rate ranged
this way: for forest areas from 1.3 to 1.8
mm/°C day, for open areas from 1.5 to 2.2
mm/°C day and that agrees with the values
given in literature (Alyushinskaya 1962;
Zhidikov and Nechaeva 1982). The porosity
of the upper soil horizons was 0.04 — 0.06.
This value as a parameter does not take
into account the presence of macropores,
and rather corresponds to mesoporosity
(Levkovskiy and Guber 2008). The measured
water conductivity of soil ranged within the
catchment from 100 to 500 mm/day and
corresponded to the value of the mactrinf
parameter (infiltration threshold), whose
optimal value ranged from 90 to 120 for
different catchment areas.

Within the watershed area according
to FAO classification we have identified
two soil types — Luvisols and Gleysols.
The Gleysols occupied depressions and
shadowed areas. The density of the upper
soil horizon averaged was 1,430 kg / m? over
the catchment area. In studied sections, soil
included the following set of horizons: AY
(or P — arable horizon on agricultural land)
with a capacity of 30-40 cm gray and dusty
(or brown and dense in case of horizon P),
in most cases under a sod of 5-7 cm thick,
whitish podzolic horizon EL with a capacity

of 15-20 cm, light brown subeluvial horizon
BEL and darker textural horizon BT with
nutty structure with a common capacity of
40 - 50 cm, smoothly passing at a depth of
80-100cmtothe parentrock C, represented
by heavy loam. The loam without inclusions
belongs in this area to the Dnieper-Moscow
and the Moscow region of water-glacial
deposits. The indexes of soil horizons are
given corresponding to the new Russian
soil classification (Gerasimova 2019).

In total, there were carried out about 200
manual model launches and about 1500
launches during the automatic calibration,
that together amounted to 56.6 machine-
hours.

The model has shown satisfactory
simulation accuracy in comparison with the
water discharges observed at the outlet,
which is confirmed by the values of the
quality criteria given in Table 1. The result of
the water flow simulation for the validation
period is shown in Figure 2. The analysis
of the graph shows a good accuracy of
simulation, both the total volume of the
flood and its maximum values. The values
of the parameters in the above calculation
give a sufficient basis for simulation of the
biogenic flow.

The values of parameters related to the
balance of nutrients, such as their content
in various soil pools and fertilizer intake

Table 1. Simulation quality criteria for optimal values of model parameters for
simulation of water flow

GES 042019

235

r KGE NSE PBIAS% SDobs/2* MAE
Acceptable value (Gupta
ae|'t2a(')'027?(\33;5'\g2$2te;|' >05 | >05 | >05 | -10<PBIAS< 10 SDobs/2
2017)

2002 - 2012 0.77 0.68 06 -9.3 551 342
2013 -2015 0.93 0.75 0.85 -104 591 2.35
1968 - 1980 083 0.64 0.67 8 6.37 343
1983 - 1987 0.65 052 041 115 6.12 3.19

*less than a half of the standard deviation of the series
r— Pearson correlation coefficient, KGE - Kling-Gupta efficiency, NSE — Nash-Sutcliff efficiency,
PBIAS — percent bias, MAE — mean absolute error
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were identified on the basis of chemical
analysis of the catchment soils, standard
fertilizer application rates and statistical
data on fertilization in specific farms. Table
2 presents the average content of biogenic
elements in the upper soil layer in areas
with different land use types.

According to the data in Table 2 and
distribution of landuse areas, phosphorus
content generally corresponds to the intensity
of landuse (moderate, medium or intensive),
the distribution of nitrogen is opposite.
Significantly higher levels of nutrient elements
are observed at the sample points located on
floodplains of the Moskva river due to high
concentrations of phosphorus during floods
and migration of elements to the depressions.
On abandoned lands, the content of total
phosphorus and nitrogen is 15-20% higher
than on the used ones, the content of mobile
phosphorus — 50-70% higher. It is not

possible to establish the relationship of the
content of nutrients with the altitude of land.

The formation of phosphorus runoff in
the HYPE model is regulated by a number
of parameters, among which one group
concerns  the  transformation  of  soil
phosphorus, including the initial levels of
the element in different pools, the specific
transition rates between pools, the Freundlich
isotherm parameters. These parameters can
be set based on the results of the analysis
of the phosphorus content in soil samples.
Another group of parameters relates to in-
stream processes. These include specific
rates of transition between different
phosphorus  forms in  the water, half-
saturation concentrations, and a production
parameter. This parameter is the basic primary
production, relative to which phosphorus
degradation or production in a watercourse
is calculated depending on the above

Table 2. Mean phosphorus content, P205, organic matter and nitrogen resulting from
the watershed survey for different types of land-use

Mobile fotal
Total phosphorus, phosphorus, mg/ Organic matter nitrogen, g/
Landuse g/kg kg (OM), g/kg kg (conversion
OM/20)
AY/P * BEL AY/P * BEL AY/P * BEL AY/P* | BEL
Fallow: 1980-e (landuse according to the map)
Moderate 1,34 1,18 4133 | 4377 16,40 11,30 082 | 057
Medium 1,58 0,99 4280 | 26,04 14,22 10,26 0,71 051
Intensive 2,30 1,38 5700 | 32,58 12,84 942 064 | 047
Pasture 1,81 1,49 57,74 41,92 15,84 11,64 0,79 0,58
2017 (landuse resulting from the survey)
Non used 1,98 1,37 67,19 | 39,74 16,68 11,12 083 | 056
Used 1,74 1,12 3544 | 26,63 12,34 9,49 062 | 047
Not changed
Meadow 344 2,27 54,70 | 63,40 18,60 12,45 093 | 062
Forest 1,19 1,08 2387 | 2390 17,40 9,50 087 | 048

*Soil horizons are given according to the New Russian Soil Classification: AY — gray-humic (soddy)
— corresponds to layer H of FAO classification, P — agrohumic — corresponds to layer H, BEL -

subeluvial - corresponds to layer E.
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Fig. 2. Results of water flow simulation at the outlet of Moscow river in Barsuki village,
compared to the observed flow and combined with the precipitation for validation
period

mentioned parameters and temperature.
The parameter values for the in-stream block
can be refined based on those proposed in
the literature. For example, in the research
of Lindenshmidt (2006) and documentation
concerning simulations with QUAL-2E (Cole
and Wells 2013). When simulating phosphorus
runoff, it is also essential to take into account
the mode of mineral and organic fertilizers
application, since they are the main sources
of biogenic elements in catchments with
intensive agriculture. In the HYPE model, it
is possible to adjust the amount of fertilizer
applied for each type of land use separately
and the schedule of application of each type
of fertilizer throughout the year.

Among parameters characterizing a specific
catchment, itis worth paying special attention
to those which are set separately for different
types of landuse and the initial concentrations
of elements in the soil. For flood periods, it
becomes important to tune the parameters
of soil erosion, since during these periods its
transport with suspended matter contributes
significantly to the phosphorus — runoff
(Yasinskiy and Datsenko 2018).

For simulation of phosphorus, the following
initial contents were agreed: in slow phosphorus
pool 100 g/m? for forested areas, 195 g/m? for
open areas; in particulated phosphorus pool 80
g/m3 for forested, 150 g/m? for open areas. For
initial phosphorus content in the pool with rapid
turnover, 5 g/m?® was agreed. The field survey
findings about biogenic elements content in
soils were also used for setting up parameters
depending on distribution of elements in the
soil profile and transition rates between pools.

Simulation of phosphorus concentrations was
performed for the same periods, as the water
flow simulation, but calibration and validation
were made only for the years with data about
phosphorus concentrations in the outlet: 1984
was used for calibration and 2010 and 2012
for validation. The values of the calculation
quality criteria for the results of modeling the
concentrations of phosphorus are given in Table
3. To assess the simulation quality of biogenic
flow, a different set of indicators is used, since
the time series of concentrations has a different
statistical nature, and the observed values are
available for comparison with a much greater
discreteness. The results satisfy our standard error
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value only for 1984 for dissolved phosphorus,
the correlation coefficient value for dissolved
phosphorus in 2012 and 1984, and for total
phosphorus in 2012. It is important to note that
using of quality criteria for daily concentrations
gives too detailed result and can be treated as
additional information. When we compared
annual and seasonal phosphorus  flow,
calculated from modelling results, observed
data the relative error fell inside the limits of 0
— 76%. The essential point to remember is that
the error of water sample analysis, which attains
sometimes tens of percent, is comprised by the
error of model calibration.

Combining the phosphorus concentrations
hydrograph for total and dissolved phosphorus
(Figure 3) shows the partial coincidence of peaks
and accordance of simulated and observed
concentrations in  general. Concentrations
overestimation within the region of summer
and autumn floods and underestimation of
spring hydrograph region can be explained
for the most part by similar discrepancies in
the simulation of water flow, since the form of
concentration hydrographs is very sensitive to
changes in flow. Important deviations of total
concentrations are due to underestimation
of suspended phosphorus. The suspended
phosphorus flow mainly depends on suspended
solids. So, during the calibration, the values of
the parameters concerning soil erosion have
been set to correspond the values, which were
measured on the outlet gauge in 2016, which is
the fact that the flow of suspended solids should
not exceed 500 — 600 tons per day. We don't
discuss the results for suspended phosphorus
flow here a lot because on the current stage of

the model calibration, we consider them as less
reliable than the results for dissolved phosphorus
due to the lack of the data on suspended solids
concentrations in river water.

For 1984, we have performed an experiment
to make an increase of the amount of fertilizer
applied. Thus, before the experiment, the model
was adjusted to apply mineral fertilizers only
on arable lands with intensive use and kitchen
gardens (48 and 60 kg / ha per year, respectively,
in spring and 32 kg / ha at the end of summer
only for arable lands). The experiment suggested
that fertilizers are applied on all the fallows with
proportional diminution by landuse intensity.
This caused slightly worse values of simulation
quality criteria, but, as a result, concentrations
corresponded better to the extreme values
of phosphorus concentrations observed. The
common area of fertilized land for the experiment
was three times bigger, since for current period
it's three times smaller than during 1980 — 1985
years. It arises from the results of the field survey.

The parameterization of the latter experiment
was used for the following research because
it complies the most with the real situation in
the watershed area. Based on it, the influence
of mineral fertilizers on phosphorus flow has
been studied. We have been divided years from
2000 to 2018 into groups of wet, medium and
dry years using subtractive-cumulative curves
method. For dry and wet groups, phosphorus
flow has been calculated from the results of
simulation. Dissolved phosphorus average flow
in wet years was 24440 kg/year, in dry years it
didn't exceed 6550 kg/year.

Table 3. Simulation quality criteria for optimal values of model parameters for
simulation of phosphorus concentrations for separate years. SP - dissolved
phosphorus, TP - total phosphorus

RMSE MAE

r TEIL SDobs/2

SP TP SP TP

SP TP SP TP SP TP

2010 573 | 764 | 416 | 61.2

028 | 022 | 033 | 023 | 291 | 286

2012 675 | 825 | 425 | 517

056 | 0.73 | 028 | 039 | 235 | 153

1984 822 | 987 | 435 | 5638

050 | 030 | 043 | 037 | 393 | 26.2

1984** 853 | 1052 | 474 | 630

050 | 031 | 042 | 038 | 393 | 26.2

*RMSE - root mean square error, TEIL — Teil criterion

** simulation with an increase of fertilized area
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Fig. 3. Combining results of dissolved phosphorus concentration and water flow
simulation at the outlet of the Moskva river (Barsuki village) in 1984

Then,we have performedanothersimulation
having set values of mineral fertilization for
every landuse to zero. The results of this
simulation have been compared with the
basic simulations for 1984 and 2012 years.
This experiment has shown that applying
no fertilizers results in decreasing of the
dissolved phosphorus flow during spring
flood by 5% (360 kg) in wet and by 11%

(410 kg) in dry years. Average annual total
phosphorus flow is decreasing then by 7 —
8%.

The genetic components of the phosphorus
flow have been analyzed for 1984 and 2012
years, as they are both rather well covered
with data.

GES 04[2019

239

Table 4. Total phosphorus average monthly flows with genetic components of water
flow in 1984 compared with 2012 for summer and spring periods, kg/km?

Components 1984 2012
Spring Summer Spring Summer
Average
Surface 0.51 040 1.94 0.02
Subsurface 322 5.90 4.29 1.94
Groundwater 0.39 044 0.33 0.29
Summary 412 6.74 6.56 2.25
Maximum

Surface 1.57 373 6.06 0.29
Groundwater 049 0.60 0.46 0.38
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The phosphorus loads on 3 soil layer is
rather constant, 0.65 kg/km? average and
1.4 maximum. It corresponds to 10 — 30%
of local phosphorus flow for average and to
4 — 12% for maximum values. As it follows
from the table 4, the surface and the
groundwater components of phosphorus
flow are comparable and the subsurface
component in comparison is greater by
value. It was estimated as 65% of summary
flow. This corresponds well to the water
flow by different soil layers, as in 1984 the
surface component of water flow was 12%
of total local flow, the groundwater was
21%. During the wet 2012 year, the surface
component runs up to 25%. The analysis of
different components of the phosphorus
flow mapped for the watershed area shows
higher groundwater flow for forested areas
and higher surface flow for agricultural areas
with intensive landuse.

CONCLUSION

The amount of unused land has increased
3 times since the 1980s. On abandoned
lands, the content of total phosphorus and
nitrogen is 15-20% higher than that of used
ones, while mobile phosphorus is 50-70%
higher. The highest content of all forms of
phosphorus and nitrogen is observed on
floodplain meadows.

Model HYPE satisfactorily reproduces water
runoff from the catchment area of the
Moscow river. Phosphorus concentrations
have been simulated in conformity with
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SOIL MICROBIAL CONTAMINATION
AND ITS IMPACT ON CHILD DIARRHEAL
DISEASE INCIDENCE IN ULAANBAATAR

ABSTRACT. Air and soil contamination in developing countries exacerbates due to
poor management of waste collection and serves as a morbidity and mortality factor.
This study aimed to conduct an assessment of soil pollution level in Ulaanbaatar and
establish a correlation between microbial contamination and registered occurrences of
contagious diarrheal diseases among children (0-5 years old). This is a cross-sectional study
conducted in Ulaanbaatar in June-September of 2016. Samples of soil and contagious
diarrheal disease morbidity data in 0-5-year-old children were used. Samples were taken
from the sites three times, in July, August, and September. The data analysis was done in
the SPSS-21 program and relevant parametric and non-parametric tests were used. The
highest level microorganisms were found in the samples taken from sites near major
markets and then in the samples from ger areas. The analysis of the samples revealed that
111.78 microorganisms exceed the standard level 1.1 times in summer. The Escherichia
coli (E.Coli) and Proteus also contaminated the ground water. All diarrhea occasions in
Ulaanbaatar were analyzed by seasons and months, the prevalence was peaking in August.
A correlation was found with the soil £.Coli titers and infectious diarrheal disease children
under five years old morbidity. The number of microorganisms in soil tends to increase in
summer. Diarrheal disease infections among children under five increase most in summer
and autumn and correlate with soil contamination with pathogenic microorganisms.

KEY WORDS: ger area, diarrheal diseases, soil microbial contamination
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INTRODUCTION

The United Nations defines soil as a basis
for agricultural development, ecosystem
services, and food security and highlights
its importance for the sustainability of life
on the planet. Moreover, the 68" Session
of the UN General Assembly announced
the year of 2015 as an international year
of soil (Gomiero 2016). Soil is considered
a non-recoverable natural resource. Fertile
soils play an essential role in the provision
of livelihood and needs for millions of
people and support food production,
provide ecosystem services and regulate
the climate (Stringer 2011).

Air and soil pollution in developing
countries exacerbates because of poor
management of waste collection, storage
and processing, and serves as a morbidity
and mortality factor.

Soil is a dynamic, natural body occurring
on the surface of the Earth. It is a medium
for plant growth. Soil pollution is defined
as a phenomenon characterized by
the loss of structural and biological
properties by the soil layers as a result of
numerous human and natural factors,
such as wind, deforestation, chemical
use, etc. Developmental activities such
as construction, transportation and
manufacturing notonly deplete the natural
resources but also produce large amount
of waste that leads to pollution of air, water,
soil, and oceans, global warming and acid
rains (Gangadhar 2014). Soil pollution is a
condition of excessive concentration of
substances (fertilizers, pesticides, organic
chemical compounds, acidic and alkali
compounds) surpassing their normal
level in nature negatively affecting the

aqua systems, atmosphere, ecosystems,
and organisms. Local soil contamination
occurs where intensive industrial activities,
inadequate waste disposal, mining, military
activities or accidents have introduced
excessive amounts of contaminants. Soils
only have a limited ability to process
these contaminants, through filtering or
transformation, for example. Once this
ability is exceeded, issues such as water
pollution, human contact with polluted
soil, plants taking up contaminants and
dangers from landfill gases become more
significant (Liedekerke et al 2014). Multiple
kinds of research have confirmed that the
main source of soil pollution in Ulaanbaatar
isthe pit latrines of the ger areas (Narantuya
Letal 1991; Urantsetseg etal 2001).1n 2013,
the pathogenic microbial contamination
of the soil in Ulaanbaatar reached a severe
level for 20.6% of the territory of the city,
medium level for 74.5% and at a mild level
for only 5% of the territory (CGA 2013).

According to the data of the National
Statistics Office of Mongolia for 2015,
Ulaanbaatar was inhabited by 1.4 million
people and over 60% of them lived in ger
districts. Moreover, 97.3% of all households
in ger areas used pit latrines. The city also
hosts 314 car repair shops, tire repair shops,
car oil and spare parts sales points, 166 gas
stations and oil storage facilities, 4 asphalt
factories, 19 brick factories, 32 gravel
extraction sites and 76 hides processing
factories which also serve as factors
negatively affecting the environment
and population health (Government of
Mongolia 2009).

AccordingtotheWorld Health Organization
report, three million children dies every
year due to diarrheal disease and most of
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them are children from the developing
world. The occurrence of diarrhea among
the general population not exclusively in
ger district dwellers has been increasing
recently presenting an issue of urgency
to the health sector (Avaandorj 2014).
Multiple studies of chemical and microbial
contamination of the soil in Ulaanbaatar
have been undertaken, however, a scarce
amount of works devoted to exploring the
soil pollution in ger districts is available
(Kasimov et al 2011, 2016). Therefore, it is
vitally important to study the chemical
and microbial contamination level in ger
areas (living area of the city which are
not connected to the central heating and
sewage system) of Ulaanbaatar hosting
more than half of the population of
Ulaanbaatar.

This study aims to conduct an assessment
of soil microbial pollution levels in
Ulaanbaatar and establish a correlation
between  such  contamination and
registered occurrences of contagious
diarrheal diseases among children (0-5
years old).

MATERIALS AND METHODS

This is a cross-sectional study conducted
in 9 districts of Ulaanbaatar in June-
September, 2016. Samples for laboratory
tests (microbiological) were collected
from the soil at various locations and
the data of contagious diarrheal disease
morbidity of children under five years old
in the 73 khoroos (the smallest unit of
community in the city) adjacent to these
locations were analyzed. For the study of
the level of soil bacterial contamination,
samples were taken from 111 sites in ger
areas of 9 districts of Ulaanbaatar and 1
site was used for a reference site (Fig 1).
Samples for microbiological tests were
taken from the sites three times, in July,
August, and September. The soil microbial
contamination characteristics were
studied in the laboratory of the National
Centre for Public Health (MSO 2008).

Soil sampling area. The soil sampling
was arranged in 9 districts of Ulaanbaatar
with consideration of the areas of the ger
suburbs. However, to improve the scope
of the study and avoid sampling errors,

Legend
=== Ulaanbaatar boundary
= District boundary
E._coli titres:
@  determined
@® non determined

Bagakhangai
district

Altitude meter

- more than 1,801
[ 1,651 - 1,800
[ 1,501 - 1,650
[ J1351-1,500
I:l less than 1350

Note: Samples were taken only

from ger area

Fig. 1. Map of soil sampling location and existence of E.Coli titers by districts of
Ulaanbaatar city
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we increased the number of sites and took
samples from 111 sites. For identification
of the sampling sites, the ger area of
Ulaanbaatar was divided into 10 segments
to pick up 10 sites from each segment. A
site at a sufficient distance from sources of
contamination was chosen as a reference
site and the data of the analysis of the
other samples were compared against
it. Also, samples were taken from the
drinking water sources in the vicinity of 20
m from the sampled sites to examine the
transmission of contamination and assess
their risk effects.

Soil sampling methodology. An “envelope”
method was used to perform soil
morphological recording in conformance
with  the documents: "Environmental
preservation. General requirements for
taking a sample for soil research MNS 3298-
1990"; “Soil Procedures of taking samples;
using containers and transporting MNS
2305-1994 in extracting the samples (MSO
1994)". According to the national standard,
microbiological contamination was divided
by “low degree’,"medium degree”and "high
degree” contamination, based on titers of
microorganismes.

Establishing effects of soil pollution on
underground water. To establish whether
the soil pollution affects the underground
water, samples of water were taken from
the underground water from the proximity
of the soil sampling sites. 20 water points
were selected and 60 samples were taken
in three repetitions. Tests for contamination
with pathogenic bacteria were done at the
reference laboratory of the National Public
Health Centre.

Diarrheal disease. We had a diarrheal
disease record of children under four
years old from the National center for
Combinable disease of Ulaanbaatar city.
Those are the whole year record of all
diarrheal disease records of 2016. For the
correlation between soil contamination
and diarrheal disease, we selected the
incidence of the outbreak during the data
collection period (July-September, 2016).

Statistical analysis. For the quantitative data
analysis, we used Statistical Package for the
Social Sciences-21 (SPSS-21). The relevant
parametric and non-parametric  tests
were used for calculation. For testing the
differences of the results, appropriate non-
parametric tests were used: Kruskal-Wallis
one way analysis of variance, Mann-Whitney
U test and paired T-tests. The Kolmogorov-
Smirnoff test has been used to check the
normality of data distribution. Pearson’s
correlation coefficient also has been used
and linear regression was calculated for
estimating soil microbiological influence
on diarrheal diseases.

RESULTS

The morphological study of the selected
sites showed that 29.4% of the ger area
soil near service centers has brown colored
soil, 10.3% has the color of black one, 52.9%
features high density, 72.1% is sand-rock
and 70% has been severely eroded. 80%
of the brown soils were around the service
centers in the ger areas. The morphological
records of the soil sampled near car and
bike repairs, and car washing services
showed that 35.7% of the soil is light brown,
64.3% has high density, and 71.4% is heavily
eroded. At the sample sites, 31.5% of the
soil was light brown, 70.8% has sand-rock
mechanic structure, and 53.9% has high
density. The percentage of soil humus
was 7.89 at the reference site. The average
percentage of humus compared with the
reference site was 1.80 times lower.

Soil bacterial contamination level is defined
as the total number of microbes, titers of
E.coli, Proteusand bacteria, Clostridium
Perfringens and thermophilic bacteria per
1 gram of sail.

The number of microbes in the soil of the
ger areas in Ulaanbaatar was high at all sites
in July-September. Microbes increase trend
was observed during the summer months.
The level of microbiological titers of samples
taken in September was twice as higher
(42.56% [95%C| 31.74-60.1]) than the July
samples (21.51% [95%Cl 16.56-27.53]), and
1.3 times higher than the August samples
(p=0.003).
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In categorizing the sample sites by
locations, as shops, hair stylists locations,
bathhouses, schools and kindergartens,
major market places were defined as
service centers (Fig 2).

The number of microorganisms from sample
location sites showed the highest level in the
samples taken from sites near major markets
amounting to 37.63 million organisms, then
in the samples from ger areas amounting to
37.24 million and in the samples taken near
service centers.

Titration of E.Coli. Detection of E.Coli titers in
any laboratory test indicates comparatively
fresh contamination with human or animal
feces. Titer corresponds to the least amount
of soil expressed in grams in which the
microorganisms are still found. Of the total
333 soil samples, 85.3% (284) were yielded
by E.Coli titers while 14.7% (49) were clean.
Most 79.2% (225) of the sites where EColi
titers were detected had a low degree of
contamination, 18.3% (52) had a medium
degree and 2.1% (7) had a high degree of
contamination.

Proteus. It does not serve as a soil
contamination indicator but it is positive
along with E.Coliwhile Clostridium perfringens
indicates contamination. The average
content of Proteus bacteria in July, August,
and September in the ger areas soil samples
was highest amongst the other locations
and fit in the high contamination degree

Ger area

Service centre

29,9

of the standard. The contamination degree
was medium (100-1000) in the samples from
major market areas, roads, and gas stations.
Proteus was detected in 65.1% (217) of all
samples of which 38.1% had a low degree,
22.5% (75) had a medium degree and 4.5%
(15) had a high degree of contamination.

C.Perfringens titers. The soil analysis was
negative for CPerfringens ftiters in the
samples from Bayangol, Khan-Uul, Nalaikh,
Baganuur, and Bagakhangai districts. It was
positive in Songinokhairhan (14.7%) and
Bayanzurh (11.7%) districts in the category
of low degree of contamination.

Soil and water contamination. To confirm
whether  soil  contamination  affects
underground water, water samples were
taken from the household yards adjacent to
the soil sampling sites and from households
that have deep wells in those areas. The
analysis of the samples revealed that 111.78
microorganisms exceeding the standard
level 1.1 times in summer. The presence of
E.Coli and Proteus in summer and autumn
confirms that the water is contaminated.
Microbial contamination is 1.56 times
higher in autumn than in summer and E.
coli titers are 1.3 times more in autumn
(T=4.6, p=0.004). Among all water samples
used in the course of the study, 47.8% (27)
contained more than 100 microorganisms
while E.Coli was detected in 24.7% (17) and
Proteus was detected in 27.5% (19) of the
samples (Table 1).

37,24

Carltyre repair/wash

25,13

Major market

37,63

Road, gas station
25,22

Fig. 2. Average microbial level in Ulaanbaatar, July-September 2016
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Table 1. Microbial contamination of the soil and water by seasons

Summer Autumn Total
Indicators N N
Mean | 95%Cl| Mean | 95%Cl Mean | 95%Cl
Soil microbial indicators

Microorganisms 21.76- 29.53- 26.44-
(min) 222 | 27.25 3416 111 | 42.56 55 49 333 | 3235 30,04
. 205.97- 225.75- 281.32-

E.Coli 222 | 37041 590 1 111 | 488.83 82007 333 | 409.88 575 63
453.7- 348.12- 49321-

Proteus 222 | 70252 10129 111 719.37 120543 333 | 708.14 %110

. 6.9- 3.93- 6.72-
Perfringens 2221 10.36 14.05 11| 757 1175 333 | 943 1213

Microbial indicators of water

) ) 102.5- 85.95- 26.44-
Microorganisms | 19 | 111.78 12149 95.1 5549 28 | 32.35 39,04
) 166.54- 104.38-

E.Coli 19 | 346.32 5766 30 10-55 | 28 | 244.64 42007
110.0- 33.66- 100-

Proteus 18 | 2700 44730 74.29 100 25 | 215.20 3597

We calculated the numberof microorganisms
in the soil, where E.Coli, Proteus, Enterococci,
anaerobic microorganisms, Perfringens
and Salmonella serve as indicators of soil
microbial contamination against the number
of microorganisms in the water samples
from adjacent underground water sources,
and the E.Coli, Proteus, Enterococci, anaerobic
microorganisms, perfringens and salmonella
correlation using the Spearman correlation
coefficient was applied. The total number
of microorganisms is in a positive weak
correlation with soil £.Coli (r=0.252, p=0.019)
and also in a positive weak correlation with
soil proteus (r=0.266, p=0.013). The water
E.coli titers are positively medium correlated
with the soil Clostridium Perfringers (r=0.544,
p=0.003) and salmonella (r=0.398, p=0.03)
level. The water Proteus level had a strong
positive correlation with the soil nitrates level
(NO,) (r=0.717, p=045).

Sources and factors of soil pollution. The
effect of the ger area households, solid
and liquid waste disposed in ravines by the
households, their latrines, the number of

latrines in the area of the sampling site, their
distance, bus stations, service centers, and
others on soil pollution was also computed.
There is a weak correlation of the presence
of roads in the ger areas with the number of
soil microorganisms and medium correlation
with water Proteus (r=0.546, p=0.005), and a
weak correlation of the number of latrines at
soil sampling sites with E.Coli titers (r=0.133,
p=0.01) and Proteus (r=0.124, p=0.02). The
correlation between soil £.Coli titers and water
microorganism population numbers is weak
and direct (r=0.252, p=0.01). The number
of soil microorganisms is in direct but weak
correlation with the distance to a pit latrine of
the sampling site (r=0.1, p=0.05).

Soil contamination and diarrheal diseases
in children under five years old. Among the
population of Ulaanbaatar, 4023 occurrences
of contagious diarrheal diseases were
registered in 2016 indicating an increase by
181 against the previous year. There are 2336
occurrences of dysentery or the rate of 18.1 per
10,000 population which shows an increase by
2.7 compared with the previous year.
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As of the cases of dysentery infections
analyzed by the sources, 7.4% are from
sick persons, 0.1% are from asymptomatic
carriers and 925% are from unknown
sources. As for the routes of infection, 10.2%
are via domestic contacts while 89.8% are via
unknown routes (MOH 2016).

In a whole year, the occurrence of intestinal
infections (AO2-AO5) in January-December
2016 analyzed by districts reveals the
diarrheal diseases prevalence in two districts
of Ulaanbaatar city — the occurrence in
Bayazurkh and Chingeltei is higher than in
the other 7 districts. The pick of diarrheal
disease incidences in Ulaanbaatar was
during August and September which
was in line with the soil data collection
period. The tendency of diarrheal disease
infections in the population and under-
five years old children in the khoroos in
the ger areas of the city exhibit increase
from June reaching the highest number of
registered cases in September. A correlation
was found in which an increase in the soil
E.Coli titers is accompanied by an increase
in the infectious diarrheal disease morbidity
in children under five per 10,000 children.
Regression analysis demonstrated that 1%
of the causes of infectious diarrheal disease
morbidity of considered children are due to
the number of E.Coli in the surface soil, and
2.1% of them were caused by all number of
bacteria in surface soil.

DISCUSSION

The current research was undertaken in the
ger areas of nine districts of Ulaanbaatar in
June-September 2016. We performed the
tests of soil microbial tests (total number
of microorganisms (per 1 gram), intestinal
pathogens(per 100ml),Clostridium Perfringers
titers, E.Coli, anaerobic microorganisms) in
corresponding laboratories and assessed
the pollution and contamination situations.
Also, we established the effect of soil
microbial contamination on the prevalence
of diarrheal disease infections among
children under 5 years old registered at the
khoroo health centers adjacent to the soil
sampling sites.

Study of 2001 "Hygiene assessment of the
soil microbial contamination and chemical
pollution level in Ulaanbaatar” established
that the city's soil microbiological
contamination was at the Il degree (Public
Health Institute 2001). Research on the “Sail
microbiological contamination levelin major
cities” of 2005 found the content of lead
exceeding the maximum permissible level
2.4-2.8 times. This study also established that
the level of microbiological contamination
of the cityis as the lll degree as the preceding
studies. Public Health Institute (2001, 2009)
“Soil microbiological study of in cities”
showed soil E£.Coli titers as 0.004 on average,
anaerobic titers as 0.001 and the number of
thermophilic bacteria as 28.8x103 cells/g.
A study of 2010 in Ulaanbaatar found that
soil microbiological contamination was 10-
16 times higher than the permissible level.
And another survey finding of 2011 defined
that Ulaanbaatar soil had a high level of
fungi content besides pathogens such as
E.coli and Salmonella. Also, Batkhishig et al
has found that 31% of soil in Ulaanbaatar
had a high degree of contamination, 45.5%
had medium and 23.5% had a low degree of
contamination of E.Coli titers (Batkhishig et
al 2016).

The results of our research confirm the
outcomes of the above studies. The number
of microorganisms in July-September was
at a contaminated level at all sites selected
for the study. A tendency for an increase in
several microbes was observed during the
months when the samples were taken with
a twice higher degree in September against
July, 1.3 times against August. However, it is
notable that microbial contamination was
highest in the samples taken near major
markets, ger areas and service centers.

Detection of £.Colititers in any laboratory test
indicates comparatively fresh contamination
with human or animal feces. The findings
of our study demonstrate that the surface
soil in the ger areas has continually been
contaminated with human and animal
feces. Contamination at levels higher than
the medium degree is found in 20% of
the contaminated soil samples. These are
observed at sites near pit latrines in the ger
areas.
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Drinking water standard Mongolian National
Standard 900:2005 provides that the total
number of microorganisms in drinking water
should be less than 100 and there should be
no E.Coli and other pathogenic bacteria. To
study the effect of soil contamination on
underground water, samples were taken
from households that have deep wells in
their yards and the analyses revealed that
the number of microorganisms in the water
increased 1.1 times in summer. The detection
of E.Coliand Proteus indicates that the water
is contaminated.

The main point is that E.Coli titers are in
direct correlation with the numbers of
microorganisms and Salmonellain water. The
correlation between E.Coli titers and water
microorganism quantities is also indicating
that soil contamination directly affects the
safety of underground water. Besides, there
is a strong correlation between the number
of pit latrines in the proximity of the soil
sampling site and soil £.Coli and Proteus.

Soil contamination and morbidity. In
total, 4023 intestinal infections cases
were registered among a population of
Ulaanbaatarin 2015, an increase of 181 cases
compared with the previous year. In these
cases, 58.1% were dysentery, 9.4% were
food poisoning, 2.6% salmonellosis and
29.9% were hand foot and mouth diseases.
The dynamics of diarrheal disease infections
among a population of the khoroos in the
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ABSTRACT. Mercury is a widespread environmental pollutant becoming a crucial health
concern as a result of natural and anthropogenic releases. Understanding Hg distribution
pattern between different functional urban areas is needed for urban pollution control
and health impact assessment. Therefore, in this paper urban soil Hg spatial distribution,
pollution level evaluation, and mercury-induced health risks were studied, for different
urban functional areas (355 samples) and kindergartens (18 samples) of Vanadzor.
Geospatial mapping and the geostatistical analysis suggest that Hg concentration in
the entire area of Vanadzor and its kindergartens has a natural origin, besides a certain
anthropogenic impact on some urban sites. According to geoaccumulation index (Igeo),
uncontaminated or moderately contaminated levels were detected only in 2 samples
from industrial area and 5 samples from residential area, the remaining samples were
classified as uncontaminated. In all kindergartens and the 22.15 sq.km of the city (270
samples) are characterized by low level potential ecological risk, whereas 3.85 sg.km
(85 samples) correspond to moderate and for 1 sampling site high level of potential
ecological risk. A non-carcinogenic health risk assessed for children and adults indicates
health hazards neither in Vanadzor entire areas nor in kindergartens. The hazard index (HI)
in each urban functional area is less than allowable level (HI <1) for children and adults.
Obtained results are indicative and offer the ability for better management of urban soil
and urban planning in terms of Hg pollution regulation in different functional areas.
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INTRODUCTION

Mercury is one of the metals which pose a
grave environmental threat worldwide (Yanin
1992; BJ. Alloway 2013; Driscoll et al. 2013).
Due to its chemical and ecotoxicological
properties, this element is listed among
persistent bioaccumulative toxic elements
(PBTs) producing negative effects on both
living organisms and the environment (Yanin
1992).

On a global scale, the mercury contamination
issue is determined primarily by a complex
geochemical cycle of this element (Li et
al. 2009; Rice et al. 2014) which includes
accumulation of naturally occurring mercury in
the earth crust, its emission to the atmosphere
(Beckers and Rinklebe 2017), deposition
in soil and water, evaporation from these
environments (Selin 2009) and consequent
accumulation in soil substrates (AMAP/UNEP
2013). In biogeochemical cycle of mercury,
soil has an essential part in distribution and
accumulation of this element in different
environments (Nezhad 2014; Kelepertzis and
Argyraki 2015) thus serving as a key indicator
of environmental contamination with mercury
(Szymon Roézanski 2015). In soil, mercury is
most commonly encountered in organic (Hg
) and inorganic (Hg?*) forms (Lymberidi 2005;
UNEP 2013), the presence of which affects the
soil quality characteristics including natural
soil profile and soil fertility values (Laker 2005).
Since recent years the mercury contamination
issue has become increasingly topical in regard
to urban soils (Li et al. 2010; Szymon Rézanski
2015; Gray et al. 2015; Wan et al. 2016; Kumar et
al. 2017; Moller et al. 2018).

Globally, Hg concentrations in the soil range
between 0.01 and 0.2 mg/kg, with a mean of
0.03 mg/kg (Reimann and de Caritat 1998).
According to Pan et al. 2018, in urban soils
from 32 Chinese cities, Hg concentration
ranges from 0.02-0.93 mg/kg, with the median
of 12.05 mg/kg, and in all studied cities non-
carcinogenic health risks of Hg were within
threshold values (HI < 1) (Pan et al. 2018). In the
case of European cities, according to Rodrigues
et al. 2006, measured total Hg contents in 6
cities (Aveiro (Portugal), Glasgow (Scotland),
Ljubljana (Slovenia), Sevilla (Spain), Torino (Italy)
and Uppsala (Sweden)) varied from 0.015 t0 6.3

mg kg™ The lowest median value was found
in Aveiro (0.055 mag/kg), and the highest- in
Glasgow (1.2 mg/kg) (Rodrigues et al. 2006).

The issue of urban soil contamination with
mercury is prioritized due to serious risks this
element poses to human health (Ajmone-
Marsan and Biasioli 2010; Wip et al. 2013;
Kotova et al. 2017; Li et al. 2017).

Through direct or indirect ingestion, inhalation
or skin absorption mercury and its compounds
travel from soil into the organism (Steffan
et al. 2018), causing thus acute and chronic
diseases including dysfunction of locomotive
and nervous systems, toxic effects on the
respiratory system (Bernhoft 2012, AMAP/
UNEP 2013) and in some severe cases kidney
and liver failure.

Different groups of the population depending
on physiological, biological and social
conditions respond to mercury contamination
in different ways (Mamtani et al. 2011). In
this respect, a special emphasis is placed on
children since their organisms and immune
system are still immature. Another fact to
explain the sensitivity of children is that for
them is more likely to come into contact with
soils/soil-derived materials and that due to
low stature they inhale topsoil weathering-
induced contaminants more intensively than
adults (Mielke 2011; Kumpiene and Brannvall
2011; Tepanosyan et al. 2017a). Also, it needs to
take into consideration so-called main venues,
which for children commonly are kindergartens
(Sun et al. 2013; Zheng et al. 2015), for adults —
certain functional urban areas (Jing et al. 2012).

Since targeting careful studies with regard
to mercury pollution in soils havenot been
performed in Armenia, in 2016 the Center
for Ecological-Noosphere = Studies of the
National Academy of the Republic of Armenia
(CENS) implemented a first-ever complex
research aimed at mercury contamination
in city of Vanadzor (former Kirovakan)- one
of Armenias biggest industrial centers.
Although according to Vanadzor's geological
base, Hg natural concentrations are not
typical for the city, however, due to intense
industrial activity of Vanadzor ‘s Kimprom
chemical plants, hydroelectric power stations,
an electrotechnical plant, a number of
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chemicals and chemical fiber manufacturing
enterprises ,the city was notable for mercury
pollution of its environment. At present, the
major contamination source to the city is the
Vanadzor-Kimprom  (Nazaryan 2009). In 1978
as the result of an accident at the chemical
plant, significant amounts of mercury were
emitted into the city environment. Afterward,
massive destruction of thousands of structures
during the catastrophic Spitak earthquake of
1988 led to the origination of huge quantities
of debris and toxic leakage from the plant’s
tailing dump  (Karakhanian et al. 2004)

Thus, to understand the current city state of Hg
pollution, this particular research was initiated
with a purpose of 1. detecting mercury
contents in Vanadzor's functional areas and
kindergartens, 2. establishing regularities of
mercury distribution and 3. assessing mercury-
induced health risks.

MATERIAL AND METHODS
Study area

Vanadzor (40°48°46"'N,44°29°18"'E) is Armenia’s
third-biggest city located in the north of the
country in intermountain basin at a height
of 1350 m as.l. The city covers an area of 26
sg.km and has a population of 80.7 thousand
inhabitants. Vanadzor city is surrounded by

N

Legend

® Roadside Samples
© Green Area Samples
® Industrial Samples

O Residential Samples

9% Chemical Factory

wooded slopes. The central part of the city
mainly occupied by residential, public and
industrial buildings while on the outskirts
of the city the abandoned manufacturing
buildings and small houses (sometimes metal
made) for low-income families are located.

The climate is temperate: hot, moderately
mild summer and mild winter. The average
annual precipitation is 600mm, the average
temperature in summer varies from +4°C to
+24°C, in winter -3.2 °C to -18°C. The cardinal
direction of the Vanadzor wind rose is southerly
and (State Committee of the Real Estate
Cadastre 2007). To the city carbonate rocks and
debris, forest cinnamon and limestone loam
and black soils are common. The city sits in the
forest-steppe landscape belt. The geological
structure of the city is complex and involves
alluvial, diluvial sediments and basalts, tuffs
and other conglomerates (State Committee of
the Real Estate Cadastre 2007).

Soil sampling and pretreatment of soil
samples

In the frames of this research in August-
September 2016 18 soil samples were
collected from Vanadzors'kindergartens as well
355 soil samples were collected from the entire
area of Vanadzor (Fig. 1), of which 64 were
spatially located within industrial area, 19-

0 90,000180,000 720,000

360,000

540,000

Fig. 1. A map of spatial distribution of soil samples in different
functional areas in Vanadzor
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in the green belt, 82- on a roadside section,
184- in the residential area of the city (6
samples overlapped). In order to determine a
local geochemical background of Hg, 20 soil
samples were collected from a background
plot (@bout high of 1750m) in 17km away to
the west of the city which can be regarded
as being uncontaminated. Background soils
are mainly characterized by forest cinnamon
and limestone loam and black soils, which
are also similar to the city soils. In order to
obtain a bulk soil sample, 3-5 subsamples
were collected with a stainless steel spade
from 0-5 cm deep soil layer, then labeled,
placed into plastic zip-lock containers
and transported to the CENS lab. Then
the samples were air-dried at 20°C, sieved
through a 2mm sieve, then crushed and
homogenized in compliance with standard
operation procedures (SOPs) developed at
CENS in compliance with international 1SO
(ISO 10381-2 2002), US EPA (US EPA 2001),
and other international standards (Stauffer
2008).

Analytical method and QA/QC

Total mercury in  the soil samples
was determined by X-ray fluorescent
spectrometry (Olympus Innov-X-5000 (USA))
consistent with the US EPA 6200 method.
Detection limit for Hg in the soil is 0.0003 mg/
kg. The quality of analytical work was assured
based on a SiO2 blank sample certified
by the National Institute of Standards and
Technologies USA and reference substances
NIST 2710a and NIST 2711a.

Statistical treatment and geochemical

mapping

Statistical treatment of data was performed
(IBM SPSS 21). Normal distribution of data
was tested by the Shapiro-Wilk test. In order
to visualize mercury contents in different
urban functional areas, respective box
plots were constructed. The geochemical
background of mercury was calculated in
compliance with an integral method of
determining the background contents of
chemical elements in soil (Tepanosyan et
al. 2017b). Geochemical mapping of data
was implemented in ArcGIS 10.1 program
environment by the IDW interpolation
method of mapping.

Contamination level assessment

The concentration coefficient (K¢) is a criteria
of abnormality of an element denoting
an excess of the substance against the
background and determined through the
ratio between its actual contents (Kosheleva
et al. 2003). The concentration coefficient is
calculated by a formula (1)

K.=C,/C, M

where K is the concentration coefficient;
C, - mercury contents in the study
environment (mg/kg);

C, - background contents of mercury.
Different soil contamination levels are
determined by Kc values as follows: Kc<4
corresponds to allowable, 4-8 to moderately
hazardous, 8-16 hazardous, 16-32 highly
hazardous, >32 extremely hazardous level

(Golovin 2000).
Assessment of geoaccumulation index

The geoaccumulationindex (Igeo) employed
for assessing the intensity of manmade
contamination, was first suggested by Muller
(Maller 1969) as a method for determining
metal contamination of soils through
collation between background contents
and detected concentrations of the element
(Barbieri 2016). Igeo is determined by the
following formula (2):

C
1, =Log, (¢) )
“ 1.5%B,,
where C, is mercury content of sails,

B, —badgground contents of mercury
(Tepanosyan et al. 2017b). The 1.5 factor is
used because of possible variations of the
background data due to lithological variations
and it helps analyze natural fluctuations of
mercury in the environment and determine
small anthropogenic impacts (Muller 1969).
A descriptive classification of | values

suggested by Mdller is provided in Table 1.
Assessment of potential ecological risk

In order to describe a potential hazard caused
by toxicity of mercury assessment was done of
the ecological risk of Vanadzor soils. This risk
was identified in compliance with the Potential
Ecological Risk Index (PERI ) suggested by
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Table 1. Classification of Igeo index (Miiller 1969)

Class Value Classification
0 l,o=<0 Uncontaminated
1 o<l <1 Uncontaminated to moderately contaminated
2 1<l <2 Moderately contaminated
geo
3 2<l <3 Moderately to heavily contaminated
4 3<| <4 Heavily contaminated
5 4<] <5 Heavily to extremely contaminated
geo
6 | >5 Extremely contaminated
geo

Hakanson (Hakanson 1980) and intended for
contamination assessment in sedimentology.
However, many researchers widely employ
this method for assessing ecological risks of
soil and dust as well (Sun et al. 2010; Yuan et
al. 2014; Soliman et al. 2015; Zhao et al. 2015).
PERI (E,Hg) is determined by the formula (3) and
(4) as follows:

Hg

s Ce ®
C g

Es =T"x " @)

where T is a mercury toxicity-response
factor (7= 40); C" — contamination factor;
Cmercury content of soil; C " background
content of mercury.

Non-carcinogenic risk assessment

Non-carcinogenic health risk was assessed by
the formula suggested by US EPA, according to
which non-carcinogenic risk assessment can
be done through calculation of three mercury
exposure routes: inhalation, ingestion, skin
absorption (US EPA 2002a). Based on the three
routes of exposure chronic daily intake (CDI)
for mercury was calculated by formulae 5-7
(RAIS 2018):

DI, =C><IngR><CF><EF><ED )
“ BWx AT
IngRXEF X ED
CDIinh=CX ngR X EF X )
BWx AT x PEF

A whole set of CDI calculation parameters
is given in Table 2. Hazard Quotient (HQ) for
non-carcinogenic risk is calculated through an

CxXSAXCFx AF %
BW x

X ABF X EFx ED
XAT

RfD (referent dose) ratio (8) (Saleem 2014). RfD
value for ingestion is 3.0-10* (we used RfD for
inorganic mercury (RAIS 2018), as in soil, water
and sediments inorganic mercury salts are
prevalent (Lymberidi 2005)). RfD values for skin
absorption and inhalation are 2.10-10° and
8.57-107, respectively (Nazarpour et al. 2017);

CDI

dermal =

)

HQ<1 denotes the absence of non-
carcinogenic risk, whereas HQ>1 means a
hazardous effect to human health (US EPA
2002a; RAIS 2018)

RfD
where CDlis daily intake from i —route: the
sum of HQ value calculated for each of three
routes represents Hl — a hazard index, HI =
> HQ (US EPA 1989).

RESULTS AND DISCUSSION
The entire area of Vanadzor

Mercury content of soil samples collected
from the entire area of Vanadzor varies from
0.00Tmg/kg to 0.29 mg/kg, with a mean
value of 0.043 mg/kg. A map of spatial
distribution of mercury contents of Vanadzor
soils provided in Fig.3 shows that the city
area is dominated by a field of 50-75%
mercury contents ranging between 0.039
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Table 2. Parameters of descriptive statistics, MAC and geochemical background of

mercury contents(mg/kg) of soils in different functional areas in Vanadzor o
Value é
Index | Parameters of exposure Unit Published source o
Children | Adults n
IngR Ingestion rate of solil mg/day 100 200 (US EPA 2011; RAIS 2018) v
EF Exposure frequency  |days/year| 350 350 (US EPA, 1989; RAIS 2018) R
ED Exposure duration years 6 30 (US EPA 2002b; USEPA 2004) ~
BW Average body weight kg 15 70 (US.EPA 2011)
AT Average time days 365 ED (RAIS 2018)
CF Conversion factor kg/mg 10-6 10-6 (US EPA 1989)
InhR Inhalation rate mi/kg | 763 128 | USEPA 1982?0“]'%““” etal
PEF | Particle emission factor | m*/kg | 1.36109 | 1.36 109 (Nazarpour et al. 2017)
SA St‘ggaf;fgi tosfttg‘:sgln an’ | 2670 | 5800 (DEQ 2015)
AF Skin adherence factor 02 0.7 (Nazarpour et al. 2017)
ABF | Dermal absorption factor 0.001 0.001 (Nazarpour et al. 2017)

and 0.05 mg/kg. Relatively high content of
mercury (95%, 0.064 mg/kg) exceeds the
local background value (0.05 mg/kg) and is
characterized by patch-like distribution in
form of point-source anomalies throughout
the city, whereas the most intensive of
these anomalies are spatially located close
to the chemical plant and once active but
presently inactive industrial centers in the
northwest and north of the city. In the entire
area of the city, Hg content does not exceed
MAC (2.1 mg/kg).

According  to  descriptive  statistics
parameters (Table 3) as well as box-plots
(Fig. 2) the mean value of mercury contents
throughout the city is higher than the
median, while the skewness differs from 0,
being thus indicative of right asymmetry
(<1) and deviation from normal distribution.
According to the Shapiro-Wilk test, mercury
contents are abnormally distributed, which
can possibly be due to presence of outlier
values, and after their excluding abnormal
distribution is observable again. However,
after logarithmic transformation of data and

exclusion of outliers, consistent with the
Shapiro-Wilk test log-normal distribution is
derived.

In 83.9% of Vanadzor area (21.81 sg.km-
305samples) the detected Hg contents of
soil do not reach the background values.
In 16% of the city area (4. 16sqkm — 49
samples) the detected Hg contents exceed
the background 1.2 -2.15 times. Calculated
contamination coefficient (Kc) is less than
4, which is indicative of low-level mercury
contamination; however, for the only sample
(0.086% of the city area, 0.02 sg.km) which
exceed the background 5.8 times, Kc is
4-8, corresponding to a moderate mercury
contamination level.

Mercury contents detected in Vanadzor are
typical of other cities of the world (McGrath
1995; Birke and Rauch 2000; Manta et al. 2002;
Tijhuis 2002; Crnkovi¢ et al. 2006; Szymon
Roézanski 2015). For instance, in Berlin and
Tallinn, where the local background value is
close to that in Vanadzor (0.05 mg/kg), mean
mercury contents of soils are assessed to be
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Table 3. Parameters of descriptive statistics, MAC and geochemical background of
mercury contents(mg/kg) of soils in different functional areas in Vanadzor

. . Entire |Industrial | Green |Residential | Roadside |,.,.
Descriptive statistics Kindergartens
area area area area area
Mean 0.043 | 0.0423 | 0.044 0.043 0.041 0.037
Median 0.039 0.042 0.047 0.038 0.038 0.034
Standard deviation 0.019 0.013 0.013 0.023 0.013 0.010
Min. 0.0015 | 0024 | 0.025 0.0015 0.024 0.025
Max. 0.290 0.095 0.064 0.290 0.080 0.049
Coefficient of variation % | 44.22 31.14 29.14 534 31.65 26.73
Skew 6.60 1528 |-0.298 6.929 0.830 0.205
Quantity of samples 355 64 19 184 82 18
MAC 2.1
Background 0.05
0.12 Legend
mm MNedian
— Min/Max values
e * * o Data outliers
; * Far outliers
oo 2 @
= °
[ (]
g 0087
= 2 o
o
B
o
T 0.067
)
[*]
c
=]
(w]
0.04-]
0.02-

T
Fulicity_Hg

T
Industrial_Hg

T
Residential_Hg

T
Green_Hg
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Roadside_Hg

Fig. 2. Box-plots of mercury contents in industrial, green, residential, roadside areas
and kindergartens in Vanadzor
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042 mg/kg and 0.24 mg/kg, respectively
(Birke and Rauch 2000; Bityukova et al. 2000).
In Palermo, where the local background
content (0.06 mg/kg) is similar to Vanadzor,
Hg mean content is 0.68mg/kg (Manta
et al. 2002). In Warsaw, where the local
background value is twice as higher as it is
in Vanadzor (0.1 mg/kg), Hg mean content
is 0.13 mg/kg. The same contents are typical
for Oslo, where the local background is 0.03
mg/kg (Tijhuis 2002). So, mean Hg contents
of soils in Berlin, Tallin, Oslo (where the local
background is lower than it is in Vanadzor
(0.05 mg/kg)), max 8 times (Berlin) and min
2.5 times (Oslo) are higher than in Vanadzor.

_, Values are provided in Table 4, which
sqhows that Igeo forVanadzor varies from 1.56
to 1.9, with a mean value of - 0.9. For 96.9%
of samples (344 samples). | corresponds to
uncontaminated level (I <0), for 2.81% of
samples (10 samples) — to uncontaminated
or moderately contaminated level 0<l <)
and for the only sample — to the moderately
contaminated level (1<I <2). Summarizing
the descriptive statistic data as well as Kc and
Igeovalues allows to conclude that in different
parts of Vanadzor ambiguous contents of
mercury are found, the origin and potential
sources of which were identified through
determining mercury contents of soils in
separate functional urban areas.

Industrial area

Mercury contents of 64 soil samples
collected from the Vanadzor industrial
area range between 0.024 and 0.095 mg/
kg, with a mean value of 0.042 mg/kg. The
mean mercury contents of these samples
are almost identical to the mean value
obtained for almost the entire area of the
city (0.043 mg/kg). As seen from Table 3
and the diagram (Fig. 2), mean and median
values are similar (0.0423 and 0.0420),
however, the skewness differs from 0,
which is indicative of some deviation
from normal distribution. According to
the Shapiro-Wilk test, in the industrial
area of the city abnormal distribution
of mercury (p<0.05) is observable,
whereas after logarithmic transformation
(p=0.061>0.05) lognormal distribution
is derived. Having regard to low values
of the coefficient of variation (31.14%) as
well as lognormal distribution of mercury,
one may suppose that mercury contents
in this area of the city are mainly of natural
origin. Nonetheless, according to the box-
plots (Fig. 2) in the industrial area of the
city two mercury outliers are found which
are 1.7 and 1.9 times higher against the
background value. One of two mentioned
samples is spatially adjacent to a welding
plant site which accommodates huge
amounts of domestic garbage and waste

Table 4. Igeo values for different functional areas in Vanadzor
Entire | Industrial | Green |Residential| Roadside | .
| value Kindergartens
geo area area area area area
Mean -0.903 -0.885 -0.821 -0.923 -0.928 -1.044
Min -5.640 -1.64 -1.580 -5.640 -1.64 -1.580
Max 1.950 0.340 -0.22 1.950 0.070 -0.600
SD 0574 0413 0462 0.679 0438 0353
| lasses
geo
IgeosO Uncontaminated| 97.18% 96.8% 100% 96.2% 100% 100%
Uncontaminated
0<l_ <T1| tomoderately | 2.53% 3.12% - 3.26% - -
contaminated
1<l <o| Moderately poaan| . 0.54% - .
geo contaminated
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metals; the second sample is spatially
located on the abandoned industrial site
with survived metal warehouses. Hence,
high mercury contents of these samples
could presumably be due to large amounts
of metals on the mentioned sites (Sastry
et al. 2001) 14% of samples (9 samples)
exceed the background value 1.1-1.9times
(0.05 mg/kg), whereas the contamination
coefficient varies 048 to 1.9, with a
mean value of 0.84. For all the samples Kc
is less than 4, which corresponds to the
allowable level of mercury contamination
on these urban sites. |~ values range
between 1.67 - 0.34, with a mean value
of -0.88. Only for two samples | > 0
which, according to |~ classification
(Table 1), corresponds to uncontaminated
or moderately contaminated level.
Considering the value of the coefficient
of variation (31.14%) as well as lognormal
distribution of mercury, one may suppose
that mercury detected in these parts
of the city is mainly of natural origin. In
comparison with Hg concentrations from
different areas of various cities (Table 6),
Hg mean value in Vanadzor industrial
area is 54 and 5 times lower than in
Zima(Russia) and Changchun(China) cities
respectively, Hg Max content is 4 and 5.8
times, min content - 8 and 5 times lower
than in above cities, respectively.

Green area

Mercury contents of 19 soil samples
collected from the green area of the city
vary 0.025 to 0.064 mg/kg, with a mean
value of 0.044 mg/kg, which insignificantly
exceeds the mean value obtained for the
entire area of the city (0.043 mg/kg). The
skewness value for this part of the city is
negative, mean value is lower than median,
thus pointing to left-side deviation from
normal distribution. However, according to
the Shapiro-Wilk test, the green area of the
city is characterized by normal distribution
of mercury. 36.8% of samples (7 samples)
exceed the background contents (0.05
mag/kg) 1.1.05 to 1.29 times (Table 3). The
contamination coefficient Kc varies from
0.5 to 1.29, with a mean value of 0.8. For
all the samples Kc<4, corresponding to the
allowable level of mercury contamination,
whereas eo value ranges between -158 and
0.21, with a mean value of -0.82, which is
indicative of the absence of contamination.

Hence, collation between  statistical
parameters, insignificant excess against
the background contents and the low
coefficient of variation (29.14%) points to
the natural origin of mercury in the green
area of Vanadzor.

Table 6. Literature data on Hg concentrations (mg/kg) in urban different areas from
various cities around the world

City Urban area Min Max | Mean Reference
Mexico(Mexico) | Residential 0.017 0.061 - (Morton-Bermea et al. 2016)
Bydgoszcz(Poland) Green 0.009 1.114 | 0210 | (Szymon Rozanski 2015)
Palermo(ltaly) Green 0.040 5600 | 0.070 (Manta et al. 2002)
Kavalas(Greece) | Roadside detNe(ie 4| 3300 | 0100 (ChriStOfo”ggso‘;?d Stamatis
Changchun (China) | Industrial 0.140 0479 | 0.208 (Fang et al. 2004)
Beijing(China) Roadside 0.022 1.500 | 0210 (Chen et al. 2010)
Beijing(China) Residential 0.034 2.800 | 0.350 (Chen et al. 2010)
Beijing(China) Green 1.100 9400 | 2.900 (Chenetal. 2010)
Zima city(Russia) | Industrial 0.100 0.810 | 0.230 (Butakov et al. 2017)
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Fig. 3. Spatial distribution of mercury content in Vanadzor soils

In comparison with Hg concentrations
from different areas of various cities (Table
6), we can conclude, that in Vanadzor's
green area Hg mean content is 72, 5 and
1.75 times lower than the mean reported
for Beijing(China), Bydgoszcz(Poland) and
Palermo(ltaly), respectively. Hg max content
is 146, 17.8 and 87.5 times lower than in
above cities respectively, Hg min content -
44 and 1.6 times lower than in Beijing (China)
and Palermo (Italy), but approximately the
same with Bydgoszcz(Poland).

Residential area
As evidenced by descriptive statistic data

(Table 3), mercury contents of 184 soil
samples collected from Vanadzor residential

area vary from 0.0015 to 0.29 mg/kg, with a
mean value of 0.043 mg/kg, which is equal
to mean values obtained for the entire area
of the city. Of all soil samples collected
throughout the city, minimal and maximal
contents of mercury were established for
those taken from the residential area. In
this area mean contents of mercury are
higher than median, this being indicative
of skewness, which, as visualized by a box
plot (Fig 2), is right-sided. The skewness
value differs from 0, this fact pointing to the
presence of some deviation from normal
distribution as evidenced by a large amount
of outlier values. The Shapiro-Wilk test
shows abnormal distribution and even after
exclusion of outliers and log transformation
of data the pattern does not change.
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22.8% of samples (42 samples) exceed the
background contents (0.05 mgrkg) 1.5-
5.8 times. According to the coefficient of
contamination varying within 0.03-5.8 in this
area with the exception of the only sample,
Kc<4, which corresponds to the allowable
level of mercury contamination. Only for
one sample Kc value is in the range of 4-8
(Kc=5.8), thus corresponding to moderate
contamination level. The sample was taken
from the surroundings of private houses
located close to one of the main roads.
As such a high content of mercury was
not detected in the rest of samples taken
from this area (VS-220 =0.051 mg/kg, VS-
217=0.036 mg/kg), so one may conclude
that mercury contents in the mentioned
sample can possibly be due to manmade
point-source contamination: combustion
of fuel, broken thermometers, or other
anthropogenic activities.

o values vary from -564 to 1.95, with
a mean value of -0.92. Only 5 out of 185
samples taken from this area have |geo>5’
corresponding thus to uncontaminated or
moderately contaminated level (O<Igeo<1),
while  moderately contaminated level
(1<l,<2) was established for a single
sample only.

According to Hg concentrations in different
areas of various cities (Table 6), in Vanadzor's
residential area Hg mean content is 8
times lower than the mean reported for
Beijing(China), but 4.8 times higher than
Hg max content in Mexico(Mexico). Hg
Min content is 15 and 22 times lower than
in  Beijing(China) and Mexico(Mexico),
respectively.

Roadside area

Mercury contents of the roadside samples
vary 0.024 - 0.08 mg/kg, with a mean value
of 0.041 mg/kg, which is lower than mean
contents throughout the city (0.043 mg/
kg). As seen in Table 3, the skewness value
differs from zero, which is indicative of a
certain deviation from normal distribution.
The Shapiro-Wilk test points to abnormal
distribution, but after log transformation
of data lognormal distribution is derived. A
conclusion drawn from this is that roadside

mercury is naturally occurring. However,
mercury contents in these roadside area
samples exceed the background, which can
possibly be due to heavy road traffic.

18.3% of samples (15 samples) exceed the
background (0.05 mg/kg) 1.2-1.6 times.
The concentration coefficient (Kc) ranges
between 048-1.58, therefore Kc<4, thus
corresponding to the allowable level of
mercury contamination. In the roadside
area, |geo values vary from -1.64 to 0.075, with
a mean value of 0.92. For all the samples o
values are below zero, this corresponding to
the absence of mercury contamination in
the given area.

In comparison with Hg concentrations from
various city areas (Table 6), in Vanadzor's
roadside area Hg mean content is 2.5 and
5.2 times lower than in Kavalas (Greece)
and Beijing (China), respectively. The max
content is 41 and 30 times lower than in
the above cities respectively, but Hg min
content is approximately the same with
Beijing(China).

Kindergartens

Mercury contents of soil samples collected
from 18 kindergartens in Vanadzor vary
0.025 to 0.049 mg/kg, with a mean value
of 0.037 mag/kg, which is lower than mean
contents of the element throughout the
city (0.043 mg/kg). As visualized in Table
3 and Fig. 2, mean and median values
differ insignificantly (0.037 and 0.034,
respectively), whereas the skewness value
differs from zero, which points to right-
side asymmetry (<1) and deviation from
normal distribution. According to the
Shapiro-Wilk test, kindergarten soils exhibit
normal distribution of mercury, but after
log transformation of data and exclusion
of outlier values log normal distribution is
derived.

Considering a low value of the coefficient of
variation (26.73-24.5%) as well as lognormal
distribution of mercury, one may suppose
that the detected mercury contents in the
given area are mainly of natural origin.

In Vanadzor kindergartens no MAC and
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background exceeding contents were
established. According to the concentration
coefficient (Kc) which varies 0.5 to 0.98,
Kc<4 correspondings to the low level of Hg
contamination. Igeo values for the mentioned
kindergartens range between -1.58-0.6, with
a mean value of -1.04. | ., Values for all the
samples are below zero, which is indicative
of the absence of contamination.

Assessing potential ecological risk

Theindexof potential ecological riskof mercury
exposure from Vanadzor soils including
classification of ecological risk levels is given in
Fig 4. £/ value for Vanadzor soils varies from
1.2 to 856, with a mean value of 33.73. Only

one out of 355 samples exhibits £9=232, thus
corresponding to high potennal ecological
risk. For 76.05% of samples (270 samples)E
value is below 40, which corresponds to low
level potential ecological risk; however, the
remaining 23.38% of samples (83 samples)
correspond to moderate and the only sample
to high potential ecological risk (Fig. 4). The
sample exhibiting high contamination level
was collected from the residential area, at the
intersection of main roads close to private
houses. It is noteworthy that as compared
with this sample Er values for other samples
collected from the given area are relatively
low (VS-218- 39.2; VS-217-28.8). Hence, one
may concludethat high mercury contents
of the mentioned sample can presumably

Legend

Potential ecological risk
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low I:I <40
moderate - 40 - 80
considerable - 80 - 160
high [l 160-320 [
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Fig. 4. Spatial distribution of mercury potential ecological risk levels (Er) in
Vanadzor soils
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be due to point-source contamination:
broken thermometers, combustion of
fuel, or can result from other activities
of a man. Contrastingly, for all Vanadzor
kindergartens a mean value of £ is 29.92,
which is <40 i.e. corresponds to low level
potential ecological risk.
Assessing non-carcinogenic risk of
mercury exposure

Assessment data on non-carcinogenic
risk of mercury exposure from Vanadzor
soils are provided in Table 5. HQ values
for children and adults were calculated in
respect of main mercury exposure routes:
ingestion, inhalation, dermal absorption.
Ingestion risk toVanadzor adult population
ranges between 1.37-10° and 2.64-10°
3, with a mean value of 3.91-10% HQ for
inhalation varies 2.25-10° to 4.36-107, with
a mean value of 6.45-10% HQ for dermal
absorption - 3.97-10° to 7.6:10%, with a
mean value of 1.13:10 In general, a mean
value of HI is 5.04-10-4, minimal 1.77:107,
maximal 3.4-10° (Table 5). In adults and
children, alike HQ values for all functional
urban areas have the following decreasing
order HQ, >HQ,...>HQ, ., according to
which the majorroute of non-carcinogenic
risk of mercury exposure is ingestion.

Ingestion risk in Vanadzor kindergarteners
varies within 5.3:10* to 1.05-103, with a
mean value of 7.97-10* HQ for inhalation
is 1.04-107 to 2.06:107, mean 1.56:107;
HQ for dermal absorption 4.06-10° to
8.03-10°, with a mean value of 7-10°. In
general, a mean value of HI is 85810
4 minimal 5.73-10% maximal 1.13-103.
In contrast to the functional areas of
Vanadzor, in kindergartens HQ values
have the following decreasing order:
HQ, , >HQ‘mg>HQdermal’ according to which
the major route of non-carcinogenic risk
of mercury exposure is inhalation.

As evidenced by research results, in
the entire area of Vanadzor and its
kindergartens HQ value is below the
safe level (HQ<1), which is indicative of
the absence of non-carcinogenic risk in
Vanadzor soils.

Conclusion

The mean contents of soil samples
throughout Vanadzor city range from
0.025-0.04 mg/kg which are common to
urban soils. However, in comparison with
Hg concentrations from different areas
of various cities, the mean value of Hg in
Vanadzor's functional areas is much lower
than reported data.

Collating between mean contents of
mercury in different areas of Vanadzor
has indicated that the difference between
mean values is insignificant, so no mercury
distribution regularity can be established.

Mercury content of kindergarten soil does
not exceed MAC and the background;
that of city soils does not exceed MAC,
however, the contents of this element in
50 soil samples collected from separate
functional urban areas exceed the
background in the range from 1.2 to 5.8.
According to research outcomes, after
the exclusion of 2 samples collected
from the industrial area, 1 sample - from
the roadside area and 6 samples — from
residential area normal distribution was
derived for the entire area of Vanadzor,
this being indicative of the natural origin
of mercury. However, mercury contents
on excluded sites can probably be due to
a certain anthropogenic impact.

The natural origin of mercury in Vanadzor
kindergartensandtheentireareaof thecity
is also evidenced by leo values below zero
for the majority of samples. According to
geoaccumulation index, uncontaminated
or moderately contaminated levels in the
city soils were detected only in industrial
(2 samples, 3.12%) and residential (5
samples, 3.2%) areas. The kindergartens
and the major portion of the city (76.05%,
270 samples) are characterized by low
level potential ecological risk.

2338% of Vanadzor soil samples (83
samples)  correspond  to  moderate
potential ecological risk. Those samples
were mosaically distributed mainly in the
industrial and residential areas, close to
the welding plant site, near chemical plant



Lilit Sahakyan, Gevorg Tepanosyan et al. MERCURY SOIL CONTENTS AND ...

Table 5. Hazard quotient (HQ) of non-carcinogenic risk in children and adults in

Vanadzor kindergartens and different functional areas o
o
Functional area| Value Adults children %
HQ HQ, , HQ,.. HQ HQ, , HQ,... "
Min | 2.19-10* | 3.61-10% | 6.35:10° | 1.02:10° 1107 3.90-10° ou
Industrial area | Max | 867-10* | 143107 | 2.510* | 4.0410° | 3.97-107 15-10° "
Mean | 3.86:10* | 6.37-10% | 1.12:10* | 1.810° | 1.77:107 | 6.8810° 8
Min 1.37:10° | 2.25-10° | 3.97-10° | 3.19-10° | 6.27-107 | 2.43-10°
Residential area| Max | 2.6410° | 436-107 | 7610 | 6.1710° | 1.21-10° | 4.7-10*
Mean | 3.9510" | 6.51-10% | 1.14-10" | 9.22:10“ | 1.81-107 | 7.03-10°
Min | 21910 | 3.61-10® | 6.35-10° | 5.1-10* 1107 3.910°
RO:?ejde Max |721:10% | 118107 | 20910 | 1610° | 33107 | 12810
Mean | 3.77-10% | 6.21-10®% | 1.09-10* | 88-10* | 1.72:107 | 6.71:10°
Min | 2.2810* | 3.76:10% | 6.62:10° | 53-10* | 1.04-107 | 4.06:10°
Green area Max | 5.89:10* | 9.7-10% | 1.710* | 1.37:10° | 2.7-107 1.04-10*
Mean | 4.05-10% | 6.6810% | 1.17:10* | 94-10“ | 1.86:107 | 7.22:10°
Min 1.37-10° | 2.25:10° | 3.97:10° | 3.19:10® | 6.27-10° | 243-10°
Entire areaof [\ 1264107 | 436107 | 7610% | 647107 121109 | 47107
Vanadzor
Mean | 3.91-10* | 645-10% | 1.13-10" | 9.14-10% | 1.79107 | 6.97-10°
Min - 53E10* | 1.0510° | 4.0610°
Kindergartens | Max - 1.04107 | 2.06:107 | 8.03-10°
Mean - 797-10* | 1.56:107 | 6.07-10°
Min 1.77:10° 34310°
HI Max 341073 6.64-107
Mean 5.04-10* 9.84-10*
Min 5.73.10*
(kindenglartens) Max 113107
Mean 8.5810*

surroundings and abandoned an industrial
site. Only 1 sample taken from the residential
area’s private house surroundings, located
close to one of the main roads, corresponds
to high potential ecological risk.

The obtained non-carcinogenic  risk
assessmentdata have indicated that mercury
content detected in both kindergartens and

Vanadzor soils is not a health risk factor in
adults and children.

Finally, data generated from this research
support the conclusion that mercury found
in all of Vanadzor and its kindergartens has
a natural origin, not excepting, however,
a certain anthropogenic impact on some
urban sites.
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FIRST MULTY-PROXY STUDIES OF
HIGH-MOUNTAIN LAKES IN ARMENIA:
PRELIMINARY RESULTS

ABSTRACT. Within the framework of the Russian-Armenian project“The Paleolimnological
Aspect of Studying the Evolution of Ecosystems of High-Mountain Lakes of Russia and
Armenia”in July-August 2018, we investigated four high-mountain lakes of Armenia. The
research focuses on the lakes Kari, Umroi, Akna and Sev. All investigated lakes are located
at the altitudes about 3000 m above sea level. We first time these lakes were investigated
using a multi-proxy method that includes paleolimnological, geomorphological,
hydrological,geochemicaland biogeographic studies. The research offers thefirst statistical
characteristics of lake depth distribution, water volume and other morphometrics. Lake
sediments sequences and radiocarbon dates were received and analyzed for Armenian
small lakes for the first time. We determined that all the studied lakes were formed during
the Holocene. Sediments of Lake Kari were deposited in the last 4000 years, sediments of
Lake Umroi — within the last 8000 years, while maximum thickness of sediments is around
1 m in both lakes. Hence, we assume low deposition rate in Armenian high-mountain
lakes, however, it varied significantly in different periods of lake history.

KEY WORDS: mountain lakes, Armenian plateau, geomorphology, paleolimnology, Holocene

CITATION: Tatyana V. Sapelko, Vladimir R. Boynagryan, Mikhail A. Naumenko, Dmitry
V. Sevastyanov3, Ivan G. Gabrielyan, Artak S. Piloyan, Liana A. Margaryan, Mikhail Yu
Aleksandrin, Anton V. Terekhov (2019) First Multy-Proxy Studies Of High-Mountain Lakes
In Armenia: Preliminary Results. Geography, Environment, Sustainability,

Vol.12, No 4, p. 272-284

DOI-10.24057/2071-9388-2019-87

INTRODUCTION

Almost all the data concerning the
history of Armenian lakes are associated
with the studies of Lake Sevan. Evolution
of this lake, the largest in Armenia, was
reconstructed based on small outcrops

of buried peat and archeological sites
(Sayadyan 2000; Ollivier et al. 2010; 2011;
Joannin et al. 2014). Reported Holocene
radiocarbon ages were obtained either
from Lake Sevan or on its watershed.
Analysis of peat located on the shore of
Lake Sevan, near Vanevan village (Leroyer
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et al. 2016), shows that the climate of the
Early Holocene was dry (precipitation
rate was below 180 mm per year), and
steppe landscapes prevailed. In the Mid
Holocene (between 7800 and 5100 cal
BP) precipitation became higher by 289%,
climate got to be milder, the water level in
Lake Sevan rose and the forest vegetation
spread over lake watershed. Around
5700 cal BP climate started to turn drier
and after 5100 cal BP arid conditions are
dominating.

First research of high-mountain lakes
situated on Armenian plateau was
reported by L. Arnoldi (1931) in the
beginning of the XX century. The research
covered hydrological, hydrochemical,
biogeographical studies of lake sediments
of Lake Akna (western slope of Gegham
mountains). In 1930s, the first data on
chemical composition of Lake Kari lake
water (southern slope of Mount Aragats
massif), its sediments and phytoplankton
(Kireeva 1933) were published. The other
high-mountain lakes located in Armenia
were hardly studied (Boynagryan et al.
2018). Paleolimnological investigations
are carried out for the first time. The main
purpose of this research is to study the
history of lakes in different spatial and
temporal scales, which allows discovering
the main patterns of the variations of
environmental conditions (Sevastyanov
etal. 2014; Subetto et al 2017).

STUDY AREA

The Caucasus is part of the Alpine-
Himalayan mountainous belt that was
created by the collision of the Arabian
and Eurasian continental plates during
the Neogene (Sayadian et al. 1983). This
tectonic activity resulted in the formation
the Lesser Caucasus ranges.

The research was carried out in the
reference points of the lakes Kari, Umroi,
Akna and Sev in July-August 2018
(Fig. 1). Studied lakes are situated in
different parts of Armenian Highlands
at elevations around 3000 m above
sea level (m asl). Aragats is a volcano
massif, the most elevated part of

Armenian plateau. Slopes of Aragats
show the traces of ancient glaciations like
cirques and moraine fields with water-
filled depressions. Southern slopes of
Aragats are made of andesite-basalt lava
outflows during mid- and late Oligocene
and possess a typical block surface
topography. South-western and south-
eastern slopes are made of andesite-
basalt lava flows. Northern slopes consist
of pyroxene-andesites, which create
here knob topography. From north-east
Aragats is surrounded by block lavas,
descending towards river Kasakh valley.
These lavas superimpose fluvio-glacial
and lake sediments of Riss glaciation
age. At the contact of these geological
formations, springs are outflowing. Lava-
made surfaces are rugged, knobs and
hills covered with blocks, are interleaved
by depressions, filled with small seasonal
lakes and bogs. Western slopes of Aragats
are similar to south-eastern ones. Their
surface is shaped by tuffs and lavas,
significantly changing their thickness
due to ruggedness of underlying rocks.
Here most widespread is the landscape
of plateau, hills and ridges (Balian 1969).
Blister volcanic cones are presented at
the western and south-western slopes.
Lots of small lakes are situated on Aragats,
mostly between 2900 and 3500 meters.
Lakes are situated inside depressions of
glacial relief, being moraine-dammed
or cirque-situated. Only several lakes
are located near north-eastern foot of
Aragats, in the pits inside lava-made
surface, and they could be considered as
volcanic. The largest lakes among high-
mountain ones are moraine-dammed
Kari (3187 m, southern slope) and Umroi
(3050 m).

Lake Kari is located at the southern
macroslope of Mount Aragats at 3200
m a.s.l. Kari catchment presents a glacial
knob-and-basin topography on volcanic
rocks having the traces of the mountain
glaciation. Lake itselfis moraine-dammed.
Trench-shaped lake Umroi lies in an
intermorainal depression at the eastern
macroslope of Mount Aragats at 3050
ma.s.l. The topography of its watershed
territory is mountainous and glacial.
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Large number of lakes is possessed by
high-mountain lanscapes of Gegham
massif. The largest lake — Akna, is located
122 meters below the water divide at
3031 m as.l. Itis surrounded by ancient
volcanic cones, which consists of tuff
and slags. The outflow is controlled by a
human-made dam.

Lots of lakes are situated in the tundra
belt of Syunik volcanic plateau, being
originated inside depressions of volcanic
and glacial relief. Enclosed lake Sev is
situated at the southeastern slope of
Ishkhansar Mountain, Syunik highlands,
at 2660 m a.s.l. in a trough valley with
volcanic cones besides it. From north
and south lake is surrounded by steep
slopes, other slopes are relatively shallow.
On the steep slopes the numerous stone
fields are located, moving downwards
up to 4-8 cm per year (Boynagryan
2007). According to weather station
located near Lake Kari, mean annual
temperature in the region is around 6.7°C
while mean annual precipitation is 560.7
mm. Watersheds of lakes Kari, Umroi and
Akna are covered with alpine meadows,
and also with mountain meadows for
Lake Sev.

Present-day vegetation of lakes and
their watersheds was described by
S. Baloyan (2005) as well as during
our studies (Gabrielyan and Sapelko
2018). A detailed investigation of the
flora around the studied four lakes
revealed the presence of 323 species of
higher vascular plants. Aquatic plants
of Lake Kari are mainly presented
by rare species of Characeae. In the
surroundings Anthriscus nemorosa (Bieb.)
Spreng., Bupleurum polyphyllum Ledeb.,,
Chamaesciadium acaule (Bieb.) Boiss.,
Aster alpinus L., Jurinea moschus (Habl.)
Bobr, Chamaenerion angustifolium (L.)
Scop., Draba bruniifolia Stev,, Campanula
tridentata Schreb., Cerastium cerastoides
(L.) Britt. and other species are found.

Rare species of Characeae exist in Lake
Umroi as well. In the surroundings
Allium szovitsii Regel, Carum caucasicum
(Bieb.) Boiss., Bupleurum persicum Boiss.,

Chamaesciadium acaule (Bieb.) Boiss.,
Erigeron caucasicus Stev., Jurinea moschus
(Habl.) Bobr., Taraxacum bessarabicum
(Hornem.) Hand., Campanula aucheri A.
DC., Silene ruprechtii Schischk. and other
species are widespread.

During underwater survey in Lake Akna,
we discovered a dense thicket species
from Characeae family. Around the lake
Allium schoenoprasum L. var alpinum
Lam., Allium szovitsii Regel, Bupleurum
persicum Boiss., Chamaesciadium acaule
(Bieb.) Boiss., Aster alpinus L., Jurinea
moschus (Habl.) Bobr, Coluteocarpus
vesicaria (L.) Holmboe, Vavilovia formosa
(Steven) Fed. Draba bruniifolia Stev.,
Campanula tridentata Schreb., Cerastium
cerastoides (L.) Britt. and other species
could be found.

On the date of our fieldwork, the water
of Lake Sev was muddy green due
to the presence of microbial algae
communities. Persicaria amphibia (L.
Delarbre, Carex caucasica Stev., Carex
huetiana Boiss. and other Carex grow
inside the lake and on its shores. Alpine
meadows and mountain  meadows
around Sev consist of: Allium szovitsii
Regel, Carum caucasicum (Bieb.)
Boiss., Chamaesciadium acaule (Bieb.)
Boiss., Dryopteris oreades Fomin, Aster
alpinus L., Erigeron caucasicus Stev.,
Tanacetum  chiliophyllum  (Fisch. et
C.A. Mey. ex DC) Sch. Bip., Taraxacum
bessarabicum (Hornem.) Hand., Hordeum
violaceum Boiss. et Huet, Chamaenerion
angustifolium (L.) Scop., Draba bruniifolia
Stev.,, Urtica dioica L. Polygonum
hydropiper L., Rumex crispus L., Papaver
orientale L., Campanula aucheri A. DC,,
Silene ruprechtii Schischk. and of other
species. Unlike the other lakes, the
coastal zone of Sev is covered with
bushes of Rosa spinosissima L. Nearby
Lake Sev, within the distance of 270-300
m, a small and shallow nameless lake
is situated at 2667 m as.l. In contrast
to Lake Sev, aquatic vegetation here
is more widespread and presented by
Potamogeton gramineus L. and other
species. The shore is covered with
Sparganium neglectum Beeby., etc.
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Fig. 1. Map of Armenia with studied lakes

METHODS

Multi-proxy investigations of four mentioned
lakes included paleolimnological, geomor-
phological, hydrological, hydrochemical
and biogeographical studies. Sediments of
all the lakes were sampled for paleobotan-
ical, carpological, diatom, geochemical and
radiocarbon analyses. Bathymetric surveys
allowed to obtain depth maps and 3D mod-
els of Lake Floor. We have also compiled
geomorphological maps for watershed
territories. Reconstruction of lake history is
conducted in different spatial and temporal
scales based on bottom relief and sediments,
which allows discovering the main patterns
of environmental conditions change.

Depth measurements were made with
0.1 m accuracy using echo-sounding device
«Lowrance», equipped with a GPS receiver,
for digital bathymetric elevation model
creation. Total number of measured points is
over 60000. A horizontal spatial resolution of
derived DEM is 10 m.

Water samples were collected from at depth
of 0.5m, near shore.Water sampling was done
according to ISO 5667 and the requirements

of the developed protocols and forms (ISO
5567-1:2006). Water temperature, dissolved
oxygen, turbidity and pH were measured in-
situ by advanced test kits (Hanna pH-meter,
WTW 320i multi parameter device).

The collected water samples were labeled
and transported to the laboratory in the
special cooler box (under the <6°C) for the
further test. In the laboratory, water samples
were stored in the refrigerator for no more
than a day.

In all sampling points we performed
hydrochemical measures of the lakes for
general ions, mineralization, conductivity,
total hardness, BOD,, COD, nutrients and 20
metals (Manual 1977; Standard methods for
the examination of water and wastewater
1998). The mineralization of lake water was
assessed as the sum of general ions (calcium,
manganese, potassium, sodium, sulphate,
chloride, bicarbonate) (Guidance... 1977;
Standard methods for the examination of
water and wastewater 1998). Total hardness
of water was assessed as the sum of calcium
and manganese equivalents amount.
Concentrations of calcium, manganese,
potassium, sodium, total phosphorus, as
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well as 20 metals (Li, Al, Ti, V, Cr, Fe, Mn, Co,
Ni, Cu, Zn, As, Se, Sr, Mo, Cd, Sn, Sb, Ba, Pb)
were determined by ICP-mass spectrometric
methods on SO 17294-2:2005 via Elan
9000 device. Concentrations of sulphate,
chloride and nitrate were determined
by ion-chromatography method on ISO
10304-1:2007 via Dionex 1000 device.
Concentrations of bicarbonate in water
samples were measured by Turbidimetric
method on GOST 20806-228:069 (02)-77.

Lake sediments were sampled using
Russian corer with 5 cm chamber diameter
from a platform mounted on a catamaran.
The corers consist of single 1 m length
corers, sampled with overlapping to
provide a continuous sediment sequence.
Radiocarbon dating (AMS) was performed
by Institute of Geography, Russian
Academy of Sciences. The calibrated
age ranges were calculated using CALIB
REV7.1.0 and the Intcal 13 dataset (Stuiver
et al. 2019; Reimer et al. 2013). The range
represents the 2-sigma values, and the
median ages are in parentheses (Table
1). We performed preliminary lithological

description and photography during the
fieldwork. Then, in the laboratory, in the
process of core splitting, we refined the
borders between stratigraphic units, as
well as their lithological composition.
Further correlation of overlapping cores
was made based on lithostratigraphy.

RESULTS
Lithostratigrsphy and chronology

Lake sediment thickness for all the
studied lakes is relatively low and cored
successions length does not exceed 2
m. Cores mainly consist of loam, sand,
gyttja and, in some of the lakes, peat
(Fig. 2). Seven cores were retrieved from
different parts of Lake Kari. Cores 1-3 were
retrieved at the sampling point 1 (40°17'6"
N; 44°6'26"E), cores 4-7 — at the sampling
point 2 (40°17'1" N; 44°6'35"E). Cores 3
(water depth 2.28 m), 5 (water depth 1.2
m) and 7 (water depth 1.9 m) were split
for carpological analysis soon after coring.
The longest ones are the cores 2,4 and 6,
they are about 50-55 cm long. Apparently

Table 1. Radiocarbon ages (AMS) for sediments of Kari and Umroi lakes

Lake, core Deoth. m Lab Material Radiocarbon cafalrlzstéi ggne’e
number Pt Number Dated Age, “Cyr BP y ‘ 9e
median)
) plant
Kari-6 243 IGAN-6540 ) 3730£30 3981-4154 (4080)
macrofossils
) plant
Kari-6 2.19-2.21 | IGAN-6541 . 1430£35 1291-1382 (1329)
macrofossils
) plant
Kari-6 2.07-2.09 | IGAN-6542 . 1055430 926-1051 (960)
macrofossils
) plant
Kari-6 2.00-2.01 | IGAN-6543 . 585+30 535-651 (604)
macrofossils
Kari-6 1.96-1.97 | IGAN-6544 TOC 680+35 559-683 (648)
Umroi-4 | 442-4.44 | IGAN-6545 TOC 6285+40 7156-7313 (7216)
Umroi-4 | 4.15-4.17 | IGAN-6546 TOC 2915440 2945-3179 (3057)
Umroi-4 | 4.03-4.05 | IGAN-6547 TOC 2925430 2973-3163 (3072)
Umroi-4 | 3.84-3.86 | IGAN-6548 TOC 2415420 2348-2700 (2455)
Umroi-4 | 3.40-342 | IGAN-6549 TOC 650420 560-666 (591)
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these sediment sequences represent
all the history of the lake. According to
AMS-dating, these sediments have been
accumulated within 4000 cal years BP.
Underlying formation is a dense sandy
loam. Cores number 1, 3, 5 and 7 are 22-
39 cm long.

Sediment sequences of Lake Umroi were
sampled at one point (40°18'46"N; 44°9'21"E)
with water depth 3.35 m, six cores were
retrieved (Fig. 2). Maximum sediment
thickness is 1.17 m. Lithostratigraphical
analysis and radiocarbon dating were
performed. Lithological unit borders are the
same in primary and secondary sediment
sequences, except well-distinguished layer
of coarse sand located at 4.05-4.06 depth
in the primary sediment sequence and not
presented in the secondary. Laminated loam
thickness is significant in the bottom part of
sediment sequences. Thickness of organic
sediments is low. According to radiocarbon
dating, sediments of Lake Umroi were
formed within 8000 cal years BP (Table 1).
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At the Lake Akna, four sediment sequences
were retrieved at one sampling point
(40°16'47"N; 44°55'38"E). All four successions
are duplicative for different analyses (Fig.
2). Maximum sediment thickness is 0.92 m.
Bottom part of the sediment sequences
contains gravel or pebbles. Above the
interbedding of dark and lighter interlayer
of the clay gyttjia begins. Then gyttja
becomes more organic and liquid. Upper
parts contain a significant number of non-
decomposed organic remains. Sediments
from all the lithological units were sampled
for radiocarbon dating.

At Lake Sev, 3 sediment sequences were
retrieved, each composed of 3 single cores,
from one sampling point (39°3547" N
46°13'25" E). Maximum sediment thickness
is 252 m (from cores 1, 2 and 3). Other
cores are duplicative. Bottom part of
sediment sequences consists of densely
laminated loam with presence of seeds,
loam is gradually becoming homogenous.
Above there is the clayey gyttja, which is
periodically substituted by peat gyttja with
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Fig. 2. Lithostratigraphy of lake sediments: A — Lake Kari, B — Lake Umroi, C - Lake
Akna, D - Lake Sev. Legend: 1 - brown and dark-brown clayey laminated gyttja; 2 -
brown and dark-brown clayey homogenous gyttja; 3 - liquid organic gyttja; 4 - light-
brown homogenous gyttja; 5 - peat with organic remains; 6 — black peat gyttja with
organic remains; 7 - laminated loam; 8 - homogenous loam; 9 - sand; 10 - gravel
and/or pebble; 11 - organic remains; 12 - Radiocarbon Age, 14C yr BP.
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a significant number of non-decomposed
organic remains. Upper part of sediment
sequences is liquid organic gyttja without
visible remains, some ruptures present.
Samples for radiocarbon analysis were
collected from all lithological units, mostly
near unit borders.

According to radiocarbon ages age-
depth models for Kari and Umroi lakes
were constructed (Fig. 3). As it is shown,
sedimentation rates varied in time during
the Holocene. It is intended to refine these
models based on pollen analysis results in
the future.

Geomophology and
the lakes morphometry

Geomorphologicaldatawereobtainedforthe
four studied lake basins and their watersheds.
Relief of lake basins was investigated on the
base of created digital models (Naumenko
et al. 2014). Digital models of underwater
relief allowed studying basins carefully
and therefore to obtain morphometric
values for Kari, Umroi, Akna and Sev lakes
(Fig. 4). Direct depth measurements were
made by echo-sounding device with GPS
positioning which allowed to create digital
morphometric models. It should be noted
that values of a lake water volume and
coastline length depend on water level and
they are determined by seasonal dynamics
of water balance components: precipitation,
evaporation and snowamounton watershed
territory.

A

Log of Objeciive
45750 35 30
At

0 0005 0010 0015

Prior to our research, only topographic
maps (Boynagryan 2007) and direct
measurements (Arnoldi 1931) supplied
morphometric values of the lakes. In this
study, for the first time we created a digital
model with 10 X 10 m spatial resolution
offering statistical characteristics for depth
distribution, water volume and other
parameters. The model allowed to refine
lake surface areas and maximum depths
reported before (Table 2).

Lake Umroi lies in an intermorainal
depression, is oviform and oriented along
NW-SE direction. There is a shallow bay
in the south-east part of the lake, which
is separated from the main basin by rock
ridge during low water level. Lake Basin is
trench-shaped with hogbacked bottom
and large boulders. Maximum depths are
situated in the north-western part of the
lake and exceed 10 m according to our
measurements (Fig.4). Coastis mainly steep,
consist of coarse colluvial material. Swampy
sites exist near the three inlets flowing from
north-west, north and east. Lake Umroi is
fed primarily by snow and snowfields melt.
Relief of watershed territory is mountain
and glacial. In the south and in the north-
west, the lake is surrounded by steep slopes
of a cirque-shaped rock fold, exposed in
a north-eastern direction. Altitudes of its
ridge are 3283-3372 m. A thick moraine
field lies between the lake and a wide
corrie in a rock ridge to the North. Three
terminal moraines are well-distinguished
here. Smaller lakes are situated in the lows
between these moraine ridges according
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Fig. 3. Age-depth models for Kari (left) and Umroi lakes (right)
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Fig. 4. 3D-view of studied lakes floor from Lake Umroi, Lake Kari, Lake Akna and Lake Sev

to topographic maps. It could be assumed
that these moraines correspond to
stationary termini positions of a retreating
glacier in the Holocene during the last
phase of Caucasus glaciation decline
(Shnitnikov 1985). Retreat of the glacier to
the North probably led to a formation of
moraine-dammed Lake Umroi.

Coastline of Lake Kari is not indented.

Watershed territory is made up of
volcanic rocks and possesses a knob-
and-basin  topography, having traces

of last glaciations, which existed on the
Armenian plateau in the Late Pleistocene
and Holocene. Altitudinal range of a relief
is 50-250 m. Lake basin is dammed by
ancient moraine remains, significantly
eroded. Lake is fed mainly by snow and
snowfields melt, and groundwater inflow.
North-eastern bank is swampy, spring-
water outflows are observed. Present-day
water level is controlled by human-made
dam with a spillway. Outflow takes place
in spring and in summer, during ablation
season. Coastline is rocky, made of colluvial
boulders and pebble, partly swampy with
light-grey sand and silt. Bottom is flat,
saucer-shaped (Fig. 4). Maximum depth
9.8 m was discovered in the central part
of Lake Basin, closer to the northern side
of the shore, which adjoins the steepest
mountain slope.

Lake Akna basin is made up of volcanic
rocks and lies in a depression surrounded
by ancient volcanic cones, consisting
of tuff and slags, elevated for 50-450 m
above the lake. Coastline is indented with
small bays and gulfs. According to the
studies of the 30s of XX century (Arnoldi
1931), interannual water level change is
more than 2 m. Thus, lake surface area and
depth vary significantly. The highest water
level is observed in summer, while the
lowest — in February and March. During
our fieldworks in August 2018, water level
was 0.3-0.5 m below maximum judging by
coastal terraces. Several smaller shallow
lakes were isolated from the south-eastern
gulf of the Lake Akna, as the bathymetric
map created by Arnoldi (Arnoldi 1931)
shows. Lake Akna is mainly fed by snow
melt. Snowfields of the surrounding
slopes ensure the level rise of the several
temporal watercourses in the warm
season. Outflow from the lake takes place
by a canal in the north-western part of a
basin, controlled by a human-made dam
and used for pastureirrigation. Relief of lake
bottom is complex: bathymetric survey
revealed two depressions separated by a
slight ridge (Fig. 4). Lake sediments vary in
grain size and in material and depend on
depth. Nearby lake shore, in the East and
the South, coarse sediments, consisting
of andesite-basalt and rusty-brown tuff,
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Table 2. Morphometric values from digital lake floor models

Lake
Morphometric value
Umroi Kari Akna Sev
Number of pixels 1152 1465 3790 12105
Area, km? 0117 0.146 0.496 1.747
Volume, m? 365.1.10° 661.9.10° 1843.1.10° 7791.3.10°
Average depth, hmean, m 3.2 45 3.7 45
Median, m 26 5.0 3.2 5.0
25% quartile, m 1.0 24 1.6 25
75% quartile, m 55 6.5 53 6.3
Max. depth, hmax, m 109 9.8 124 8.5
Standard deviation, 6, m 246 240 2.75 231
Coefficient of variation, 6,/ h___ 0.77 0.53 0.74 0.52
N/ ., ratio 0.29 046 030 053
Perimeter, km 1.55 1.52 3.86 5.01
Shoreline development 1.28 1.12 1.55 1.07

dominate. In the shallow parts fine
sand and light-grey or yellow silt are
widespread.

The basin of Lake Sev is situated in
a trough valley with volcanic cones
besides; elevated from 3073 to 3550
m. Lake is oviform and elongated from
South-West to North-East. According
to our measurements, lake surface area
is 1.77 sq km and maximum depth is 8
m (Fig. 4). Lake is fed primarily by liquid
precipitation and snowfields located
on volcanic slopes. High water surface
temperature (18-20°C) observed at the
moment of fieldwork (August 2018) could
be explained by relative shallowness of
the lake, intensive water overturn and
water warm-up. It is notable that the
water is turbid and green due to presence
of algae. No outflows were discovered.
Bottom sediments are presented by
light-grey silt and sand. The steepest
northern bank is made up of coarse
colluvial material.

Hydrochemistry

The hydrochemical study results showed
that the water of lakes Kari, Umroi, Akna
and Sev has hydrocarbonate-calcium-
sulphate nature with low mineralization
and hardness. Water in lakes Umroj,
Akna and Sev has light alkalinity pH,
whereas water in Lake Kari has neutral
environment. The oxygen regime in
lakes Umroi and Akna was normal for
the functioning of the lake's biodiversity,
compared to the other two lakes where
dissolved oxygen was dissatisfied.
These two lakes Kari and Sev were also
distinguished by comparatively high
turbidity. The concentrations of V, Cr,
Co, Ni, Cu, Zn, As, Se, Mo, Cd, Sn, Sb, Pb
were below 5x10-5 mg/l. Despite some
similarities, all the four observed lakes
differed in their unique hydrochemical
regimes, which did not correspond to
each other.



Tatyana V. Sapelko, Vladimir R. Boynagryan et al.

FIRST MULTY-PROXY STUDIES OF ...

DISCUSSION

Depth distributions for the three lakes
(Kari, Umroi and Sev) are relatively simple,
as well as the shapes of their basins. In
each basin only one depression with a
maximum depth exists. Maximum depths
are located not exactly in the center, but
closer to the shore. Mean depth to the
maximum depth rate varies from 0.29
(Lake Umroi) to 0.52 (Lake Sev). Lake
Akna is the deepest of the studied lakes
and possesses a highly dissected bottom
relief and an indented shoreline.

Lake Kari: the water of lake distinguished
by the lowest mineralization and
concentration of main ions, low content of
organic pollutants, as well as low content
of nutrients (nitrate, phosphate and
ammonium ions). However, the lake had
relatively high turbidity, water temperature
and low oxygen content, which mightbe a
result of the source of the lake feed (mainly
surface flows, melting waters) and water
depth. Sediment thickness is the lowest
among the studied lakes. The longest

core retrieved is 0.55 m. However, large
amount of described lithostratigraphic
units indicates significant changes of
sedimentary conditions during the 4000-
year period of Lake Kari existence. Low
sediment thickness may be determined
by severe environmental conditions:
according to our botanical descriptions,
the vegetation cover on Lake Kari
catchment is the sparsest and poor as
compared to the three other lakes.

Lake Umroi: the water of the lake
distinguished by the highest concentration
of sulphate and nitrate ions. The limiting
nutrient is phosphorus. This may be the
result of the presence of an underground
water flow at the bottom of the lake. The lake
was formed 3000 years earlier than Lake Kari
and the sediment thickness here is higher.
The longest succession sampled is 1.17 m.
Maximum depth is relatively large — 10.9 m,
this promotes more inorganic sedimentation
as compared with the other lakes. Here, the
thickest mineral sediments were found,
while organic gyttja layer is the thinnest.
However, according to heterogeneity of

Table 3. Hydrochemical characteristics for the studied lakes

Lake

Kari Umroi Akna Sev

pH 7.72 8.02 8.96 8.67

Cond. uS/cm 22 27 24 116
Ca peq/! 135.90 187.31 183.81 961.72
Mg peq/! 31.76 39.53 44.93 197.52
Na peq/! 29.83 21.12 15.70 71.70
K peg/! 15.28 28.80 16.71 107.25
HCO, peq/I 250.08 300.10 350.11 1200.39

SO, peq/| 4108 51.57 36.21 4555

Cl-peg/t 27.01 28.09 2461 67.35

NO, pgN/I 1.76 328 0.64 0.27

NH,, ugN/I 1.98 0.99 297 0.74

TP ug/! 0.1-1ppb | 0.1-1ppb 13.24 92.25
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lithostratigraphy, during the last 7000
years lake sediments were forming under
changing environmental conditions.

Lake Akna: the water of the lake distinguished
by a relatively high level of BOD and COD,
which indicates the existence of the high
level of organic compounds. However,
the dissolved oxygen was 7 mag/l, which is
favorable for aquatic biodiversity. Lake Akna
revealed the most intensive Charophyceae
bloom. The normal oxygen regime can be
caused by the periodic flow of surface water
into the lake. Lake Akna is the deepest among
the studied lakes; maximum depth measured
is 124 m. Sediment thickness does not
exceed 1 m. Basing on lithology, it could be
assumed that deposition environment was
the most stable. Transition to the organic
gyttja in the upper part of the sediment cores
is the clearest.

Lake Sev: the lake has a completely different
hydrochemical regime compared to the
three other lakes. The lake is characterized
by the highest concentrations of the
hydrocarbonate, chloride, phosphate,
sodium, magnesium, potassium and calcium
ions, as well as iron, strontium and barium.
The Lake distinguished by the high content
of phosphorus except for the nitrogen, which
was a limited nutrient for the lake. In addition
to the content of nutrients, the lake water
also showed the high content of organic
compounds and turbidity. These indicate
the existence of the active eutrophication
processes in the lakes. Lake Sev is located at a
lower altitude than the other lakes and hence
the vegetation of its catchment is the most
diverse.Itis covered with alpine and mountain
meadows, the latter are not present within
the catchments of the other three lakes. Lake
is the shallowest (maximum depth around
8.5 m), while sediment thickness (2.52 m) is
the highest. Basing on lithology, we assume
that depositional settings had changed
drastically: there are thick layers of peat gyttja
indicating sudden water level decrease.

CONCLUSION
The results of the multi-proxy research

allowed to obtain data on poorly studied
high-mountain ~ Armenian  lakes.  The

research provided the first-time statistical
characteristics of depth distribution, water
volume and other morphometric values.
The deepest lake among the studied is Lake
Akna, the shallowest and the largest is Lake
Sev. The hydrochemical results are important
for further paleolimnological reconstructions.
All the samples were collected while the
fieldwork with the time of sampling. So, the
hydrochemical results can be intercompared.
The first time, the hydrochemical regime was
studied for 41 parameters for four target lakes.
The hydrochemical study results showed that
the water of the Umroy, Kari, Akna and Sev
Lakes has hydrocarbonate-calcium-sulphate
nature with low mineralization and hardness.
Water in the lakes Umroy, Akna and Sev has
light alkalinity pH, as well as water in Kari Lake
has neutral environment. The oxygen regime
in the lakes Umroy and Akna was normal
for the functioning of the lake's biodiversity,
compared to the other two lakes where
dissolved oxygen was dissatisfied. These two
lakes (Kari and Sev) were also distinguished
by comparatively high turbidity. The
concentrations of V, Cr, Co, Ni, Cu, Zn, As, Se,
Mo, Cd, Sn, Sb, Pb were low of the 5%10-5 mg/I.
Despite some similarities, all four observed
lakes differed in their unique hydrochemical
regimes, which did not correspond to each
other. According to hydrochemical analysis,
Lake Sev has the most eutrophic water. The
smallest surface area belongs to Lake Umroi,
though its depth is relatively high exceeding
10 m. Kari lies at the highest altitudes, and
therefore the water and coastal vegetation of
lake is poor. 1. Lake sediments
sequence and radiocarbon dates were
sampled and analyzed for the first time, none
of small Armenian lakes were sampled for
radiocarbon dating before the described
ones. According to our results, all the studied
lakes were formed during the Holocene.
Sediments of Lake Kari were deposited in the
last 4000 years, of Lake Umroi — within the
last 7000 years, while maximum thickness
of sediments is around 1 m in both lakes.
We assume low deposition rate in Armenian
high-mountain lakes, however it varied
significantly in different periods of lake
history.
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